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PEEFACE 


This Manual of Physics took its rise from a desire to relieve 
the subject of the foreign element of unreality, and to give 
a modern and practical course of Naturfil Philosophy in a 
compendious form. 

The illustrations are almost all new, and the editor, 
owing to a temporary lull in the demand for the beautiful 
art of wood-engraving, was able to secure the services of one 
of its best exponents, Mr. Octave L. Lacour, who has 
executed 292 blocks for the work. They often represent 
actual lecture - room apparatus, which those who have 
attended lectures will recognise ; these pictu.^s may supply 
the place of apparatus to those who are obliged to study 
alone. The illustration of the book would have been 
impossible but for the continuous advice and help of 
Mr. J.^ H. Spanton, who always placed his artistic talent 
at the disposal of liis friends in H.M.S. Britannia. 

It was the original intention of the editor to secure the 
revision of the whole book by one scientific man of 
eminence ; but, owing to the kindness of friends, he was led 
to thp preferable plan of securing the adviq^ in each part of 
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one who had made the subject a special study. For" this 
immense advantage he is indebted to the extreme kindness 
of the late Lord Kelvin, of Lord Eayleigh, Professor J. A 
Ewing, Captain Wilson Barker, and others. 

Those parts which have not received this advantage will 
no doubt find many generous critics, whose comments will 
be eagerly welcomed ; the book owes much to them. 

Such a book must, perforce, be a compilation, and the 
Editor can. only express generally his indebtedness to all 
whose researches are referred to. In Nature, in Lupton’s 
Tables, in Molesworth’s Pocket-Book, the progress of Physics, 
the results of experiments, and the practical application of 
the laws of Nature are recorded; the compiler can only 
hope to secure accuracy by availing himself of such 
information. 

A complete Index renders the usual Table of Contents 
and List of Illustrations unnecessary. 
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PREFATORY NOTE 

The Editor, as Author of this portion, wishes to provide his 
r^ers with a ground-work of theoretical knowledge which may 
enable them to understand and use the simple processes of the 
kihetic method, to express themselves with accuracy when 
necessary, and to deal with simple mechanical problems. At 
the same time he would make it clear how far the ordinary 
language of practical men may be used without inaccuracy in 
practical matters so long as the fundamental ideas of mass, 
inertia, force, and motion are thoroughly understood. 

He wishes to acknowledge how much he owes to the criticisms 
of his fellow-authors, especially of Professor F. E. Barrell, and 
he cannot sufficiently express his obligation to Mr. R T. Glaze- 
brook for the use of his lucid and pMi^ical text-books, and for 
his introduction to so many helpful friends. 




MECHANICS 


CHAPTEE I 

Motion 


Newton’s Observations- Newton’s First Law — Kinematics — Kinetics — Motion 
— Rest — Absolute Rest — Relative Motion — Speed or Rate of Motion — 
Standard:: 'f i ^ — Units of Length — Standard of Time — Unit of Time 

— Velocity of a Point — Variable Velocity — Uniform Velocity — Acceleratipn 
— Uniform Acceleration — Acceleration in one Straight Line — Space de- 
scribed by a Moving Point — s iaf : r® = 2as iir-u^= 2as — Velocity 
acquired by a Moving Point — Acceleration of Initial Velocity — Summary 
— Parallelogram of Velocities — Resolution of Velocities — Parallelogram 
of Accelerations — Trajectory — Motion in a Cii’cle — Motion of a Body. 

It seems to be a well authenticated story that Sir Isaac Newton 
was obliged by the plague in 1665 to leave Cambridge and 
retire to Woolsthorpe, and that there, whilst in the orchard, 
a falling apple attracted his eye and mind. The fall of the 
apple led to a train of thought which he followed until one of 
the riddles of the uny^erse was solved. Even if the story be not 
exactly true, the principle which underlies it is a true one — that 
correct observation of what actually occurs is the only true guide 
to knowledge. The fact which then presented itself to Newton’s 
observation may be said to be the first and most obvious fact of 
human experience — that bodies fall towards the earth. A child’s 
first fall teaches the fact, but to be the first to draw the correct 
inferences from this well-known fact required a Newton’s mind. 

Some of these inferences may be shortly stated. First, the 
apple will not fall unless it be ma(fe io do sp. The stalk 
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becomes weak, it is true, J)ut this does ndt move the apple ; some 
'cause there must be to account for its first movement. Secbndly, 
the direction of motion must afford a clue to the cause of motion 
— ^the apple falls to the earth, it does not rise from it ; and a 
cause must be sought for in the direction of the centre of the 
earth. Thirdly, when once the apple has left the tree and begun 
to fall, its speed increases on the way down, and it is reasonable 
to conclude that the same cause which makes it begin to move 
inci'eases its rate of falling as it goes. 



Newton in fact took up the study of motion where G. Galilei 
had left it, and as a result of his observations formulated the 
three laws which are known by his name. 

Newton’s First Law of Motion. — Every body contimtes in 
its state of rest or of uniform motion in a straight line except in so 
far as it is compelled by external force to change that state, "" 

Expressions are used in the first law of motion which 
should be understood before further illustrations of the law 
itself can be profitably studied. The terms used here — ^motion, 
rest, uniform motion, body, force — need interpretation. 

Kinematii^ kj^ma^ a movement) is the name jgiven 
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to the/tudy of the motion or rest of appoint or of a body, with- 
out any reference to the matter of which the body is composed 
or to the causes of motion. 

Kinetics {KivrjriK^ that which makes movement) is the study 
of moving bodies, taking into consideration the amount of matter 
in them and the causes which affect their motion. 

Kinematics or the Science of Motion 

Motion is change of position. 

Rest is absence of motion. 

Absolute Rest is not to be found in nature. The earth is 
spinning round in its daily and its yearly motion, the solar system 
is moving in space ; on this moving earth we may be travelling 
in^an express train. Yet we may say truly that a foot wapier 
remains ‘at rest* on the floor; it is at rest relatively to the 
carriage in which we are travelling. The falling apple was at 
rest on the tree until the stem was no longer able to resist the 
downward pull of the earth’s attraction. Amid all the com- 
plexity of movement in our surroundings no point can be said 
to be absolutely at rest. Motion and rest must be considered 
relatively to surrounding objects. 

Motion, in its most general sense, must be approached through 
the study of the motion of a point. 

Relative Motion is a change of distance from points to which 
the motion is referred. Motion cannot be estimated otherwise 
than relatively. If a ball be dropped from the roof of a railway 
carriage in a fast express it will fall to the floor. We say, ‘ it 
falls down.’ We do not estimate the time path of the ball in 
space. All the points to which its motion can be referred are 
moving rapidly. Since we are in the carriage, we refer the 
motion to it and speak of the ball as moving ‘down.* 

Speed or Rate of Motion of a point is the number of units 
of length traversed in a unit of timA 

Standards of £engrth. — Two standards of length are used in 
this boojju 
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The British YARD*is the distance at 62° F. betwQ^n the 
centre marks in two gold^lugs let into a bronze bar kept in the 
Standards Department of the Board of Trade. 

1 mile = 1760 yards. 1 yard =3 feet. 1 foot =12 inches. 

The Metre is the length at 0° C. of a platinum bar kept in 
the Bureau des Archives, Paris. The metre was originally in- 
tended to be the ten-millionth part of a quadrant of a terres- 
trial meridian (see p. 100). A copy of this Standard is also 
kept in the Standards Department. 

1 kilometre = 1000 metres. 1 metre =100 centimetres =1000 millimetres. 

Comparison — 

1 yard= *9144 metre. 1 metre = 1*0936 yard. 

Units of Lengrth. — The Centimetre (cm. or c.) and tie 
Foot (ft. or f.) are the units of length most frequently employed 
in scientific investigations. Larger or smaller units are em- 
ployed in the measurement of very large or very small distanced. 

The comparison of quantities measured by difierent units is 
facilitated by the scales given on pp#97^ 99. 

Standard of Time. — The standard of time in common use is 
the mean solar day. 

1 day =24 hours. 1 hour =60 minutes. 1 minute =60 seconds. 

Unit of ^ime. — The Second (sec. or s.) is the unit of time 
most frequently employed in scientific investigations where 
moderate intervals are considered. 

Velocity of a Point* — Speed or rate of motion does not take 
any account of the direction of motion or of the path traversed 
by the point. The term Velocity includes the idea of direction. 

Velocity is a complete description of the movemefit of a point 
at a given moment ; it may be changing its rate or direction of 
motion in any way ; at that moment the point is moving with 
a definite speed in a definite direction, and that is its velocity. 

The Velocity of a point is the number of units of length 
which it wotid traverfee^n a unit of time in the directipn of its 
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motion^ at that moment if its motion were continued unchanged 
for the whole unit. 

A velocity can be represented conl5)letely by a straight line. 
A straight line has magnitude, and it has direction ; the magni- 
tude representing the speed or rate of motion, and the direction 
being that of the motion of the point at the moment, the straight 
line completely represents the velocity. 

If a shot be fired from a big gun, it leaves the muzzle with a 
definite speed, say 2600 ft. per sec. Considering its motion as 
the motion of a point (Fig. 2), it is moving then in a certain 
direction MT, so that if it continued to move at that rate or speed 
for a whole unit of time it would traverse a number of units of 



distance in that direction;’Tepresented by the length of the line 
MT. The line MT then re^esents the velocity of the shot at M. 

Variable Velocity, — Referring a^in to Fig. 2, the shot when 
it has reached a point A has a Afferent velocity from that which 
it had at M. It is then moving in a different direction AR, and 
at a different rate. AR, which has been drawn to^-epresent the 
velocity at A in jpagnitude and direction, differs from MT, which 
represents the velocity at M. The velocity of the shot is con- 
tinually changing in magnitude and direction during its whole 
flight ; this is called variable velocity. 

Uniform Velocity. — If a point move so as to describe equal 
distances in equal periods of time, however small, and always in 
the same straight line, it is said to move with uniform velocity, , 
Uniform velocity does not, so far as we are aware, exist in 
nature, but it is necessary to consider uniform velocity as an 
assistance to the study of variable velocities. 

Telocity is measured by the numbir 6f feet qr centimetres 
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traversed in a second these are usually denoted by thf short- 
ened forms, f.s. or c.s. ^ 

Acceleration is the clbange of a velocity per second. 
Acceleration must be distinguished from rate of increase of 
speed just as velocity is distinguished from speed, by the addi- 
tion of the idea of direction. If the acceleration of a point be 
in a direction different from that of its velocity, the direction 
of motion is changed. 

Uniform Acceleration. — If the velocity of a point is changing 
uniformly, whether in magnitude or direction, its changes in 
successive equal intervals of time, however small, being equal, the 
point has a uniform acceleration. 

Variable accelerations occur in nature, in which the changes 
of velocity in successive intervals are not equal ; these will not 
be treated of here. * ^ 

Acceleration is described by the velocity (c.s. or f.s.) added 
per sec., and is shortly expressed by c.s.s. or f.s.8. 

Acceleration in one Straight Line. — The simplest case of 
acceleration is that in which the motion takes place in a straight 
line. In this case the speed is changed, but not the direction of 
the velocity. This form of motion is seen in the case of a falling 
body, — ^the increase of the velocity is the same in each second. 

If a velocity of 3 centimetres per sec. be added in each 
second to the velocity of 30 centimetres per sec. with which a 
point is movfiig, the point is said to have an acceleration of 3 c.s.s. 
{i,e, 3 centimetres per sec. added in each sec.). After 6 sec. the 
velocity of the .point will be 48 c.s. {Le, 48 centimetres per sec.). 

If the acceleration be of a negative sign, what is called 
‘ acceleration ’ is really a retardation. As an example : — If a 
point moving with a velocity of 20 f.s. (f,e, 20 ft. per sec.), 
have a negative acceleration of 2*5 f.s.s. {i,e, 2*5 ft. per sec. 
subtracted in each sec.), after 8 sec. the velocity of the point 
will be zero ; it will be reduced to rest. 

The product of the acceleration and the number of units of 
time during which it has been in operation, when added to the 
inUial velodtyf gives the fml velocity. Let the initial velocity be 
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u ft. or cm. per sec., the final velocity % ft. or cm. per sec., and 
the acceleration a ft. or cm. per sec. added in each sec., ie, a 
f.s.8. or C.S.S., then after a time t sec. at 

Space described by a Moving Point — (1) Uniform motion . — If 
a train move uniformly at a rate of 55 miles an hour for two 
hours, it will travel 110 miles. This is an example of a distance 
traversed with a uniform rate of motion. The distance is the 
pfoduct of the number of units of time during which the point 
has been moving, and the number of units of length it passes 
over in a unit of time. 

To some minds, a geometrical figure gives a truer sense of 
magnitude than algebraical expressions convey, the eye can 
compare the different parts and it assists the mind in estimating 
their proportions. In Natural Philosophy the representation of 
quantities graphically has many distinct advantages, and this is 
especially the case when operations follow one another or some 
action takes place continuously. The algebraical expression 
represents the state of things at a certain time, the geometrical 
representation may show the whole operation carried on con- 
tinuously. Considerable use will be made of the graphical 
method in this book, and as it is particularly suitable for describ- 
ing motion, the subject will be treated graphically, though the 
algebraical expressions are given as well. 

It has been observed that velocities may be represented by 
straight lines both in magnitude and direction. Time can 
also be represented graphically 
by a straight line cqntaining as 
many units of length as there 
are seconds in the period of time. 

Let the velocity of a point mov- 
ing uniformly in a straight line 
be denoted by the line AB 
3). AfJ right angles to AB 
draw the line AC representing in 
magnitude the t seconds during which the point has been moving. 
Then the distance traversed by the^po&nt in t^e time will be 



Fig. 8.— Uniform motion, b^vI. 




10 


MECHANICS 


CHAP. 


represented in magnitnjie by the rectangle AD. The space 
described in t sec. by a point moving with a uniform velocity 
of V ft. or cm. per sec. being s ft. or cm. Then 

s = v-t. 

(2) Uniform accderniim^ starting from rest . — A point at rest is 
given a uniform acceleration of a f.s.s. (a ft. per sec. in each sec.), 
it is required to find the space described in t sec. 

Draw a horizontal line AM (Fig. 4) to represent i sec., and 
number it at intervals 1, 2, 3, etc., to represent seconds, the 
whole line AM corresponding to t seconds, the whole time during 
which the movement of the point is considered. At the point 



1 draw a vertical line representing in magnitude the acceleration 
a, and at 2, 3, 4, lines equal to 2a, 3a, etc. ; these will represent 
the velocities •after 2, 3, 4, etc. seconds, and at M draw PM 
equal to atj the velocity at the end of the t seconds ; then the 
straight line AP will pass through the ends^of the lines a, 2a, 3a, 
and complete the right-angled triangle. As in the last proposition, 
each of the small areas between these vertical lines is a measure 
of the distance which the point passes over during a second. 
Take any one as an example, — the space passed over in the fourth 
second (this one is shaded to distinguish it). At the beginning 
the velocity is 3a, and if this velocity were continued for the 
whole sec. a distance 3 a ft. would be traversed ; at the end the 
velocity is 4a, and if the point had this velocity during the whole 
sec. 4a ft. woi^d haveibeiin traversed. Therefore during the 
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fourth second the point traverses a distgy^ce half-way between 3a 
and 4a ft., and this is measured by the shaded area. 

These areas, then, represent in mafnitude the distances tra- 
versed in successive seconds, and the whole triangle represents 
the distance described in the whole time. Its area is half the 
rectangle contained by AM and MP. AM = I and PM = a^, and 
the area of AMP= x 

Hence the space passed over in i sec. by a point initially at 
rest and subjected to an acceleration of a f.s.s. is a feet, where 

8 = Jot®. 


A point moving with uniform acceleration describes 300 ft. 
in five seconds from the beginning of motion. Find how many 
feet it will describe in eight seconds. 

In the five sec. ^af^=300, where 25, so that a= 24 f.s.s. 
IfTthe eight sec. ^=64, s = | x 24 x 64 = 768 ft. 

Velocity acquired by a Moving Point — (3) To conned the 
velocity^ acceleration, and distance, starting from rest — Drawing 


the same triangle AMP 
(Fig. 5) to ^ represent 
the distance which a 
point traverses with an 
acceleration of a f.s.s. 
AM is, as before, the 
time t, MP the final 
velocity v or at. The 



Fig. 5.— Distance and velo^ty, tj3=2oU!. 


area of the triangle AMP is s, the space described starting from 
rest. Complete the rectangle MF, and draw MQ (the square on 
MP) = «>2. The rectangle MF is twice the distance s, 

MP is a times AM by construction, so that MQ or is a times 
MF or^s. Hence 


v®=2o8. 


These important results, s = ^afi and = 2as, should be no*ted 
for future use, and the graphic representation of them may be 
remembered as serving to impress them on the memory. 

From the surface of the moon, wherl^ the acceleration is 12*2 
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C.S.S., a ball is projected ^vertically upwards with a velocity of 61 
C.S., find to what height it will rise. In this case « 3721, and 
a = 12-2 ; 3721 = 2 x 12^2 x 5, so that 5 = 152*5 centimetres. 

Acceleration of Initial Velocity. — It is necessary also to 
consider the case of a moving point which hds an initial velocity 
and acceleration. 

(4) To connect the space^ time^ and acceleration^ starting mth a 
given velocity , — Let a point be moving with a velocity of u f.s., 
represented by a vertical line XA, and let a time t be represented 
by the horizontal line AM (Fig. 6). Then if there '•were no 



Fig. 6. — ^Acceleration of initial velocity, 


acceleration the rectangle AY of area ut would represent the 
space which the point would traverse in t sec. 

Divide the line AM into t equal parts representing the indi- 
vidual seconds, and draw vertical lines through the first four. If 
now an additional velocity a ft. per sec. be added in each 
second, the vertical lines representing the velocities must be 
increased by a, 2a, 3a. At M the velocity u or YM is in- 
creased by a piece MP or at representing 6ie velocity added in 
t sec. Then AMP, as before, will represent the additional space 
described in consequence of the acceleration. The whole figure 
APYX represents the space described in t sec. by a poftit with 
initial velocity u and final velocity at f.s. This area is 
ut ^ ^at^ ft., for the figure only differs from that in case (2) by 
the addition of ut, the space described due to the initial velocity. 


Therefore 


8s=tU + iafi, 


A body mooring with u!hiform acceleration has a velocity of 
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6 ft. per sec. After an interval of 3 J sec.^it has passed over 54 ft. 
What i# the acceleration ? In this case the part of the 54 ft. due 
to the initial velocity is 21 ft. ; 33 ft. are due to the accelera- 
tion, operating for 3 J sec. = 

Since 33=iay-, therefore a=Vi^=5’3 f.s.s. 

(6) To connect the velocity, acceleration, and distance passed over, 
starting with a given velocity . — Drawing the same figure, APYX 
(Fig. 7) represents s, the whole distance passed over ; AM or 
XY, as before, representing the time t, XA the initial velocity 
u, and YP the final velocity v, i.e, u + at. Construct an exactly 



Pig. 7 .— Distance and velocity, v 2 = '1^24-205. 

equal figure PZ so as to complete a rectangle ZY, wfiich is twice 
s. Construct MQ and PO, the squares on MY and YP, these re- 
present the squares of Ihe initial and final velocities, i.e. and v^. 
The difference between these two squares is the shaded gnomon 
MRQ, which is equal to the vertical strip QB. 

MP was made a times AM or XY hf construction, and MP 
is equal to OQ, so that the strip QB is a times ZY. Therefore 
the difference of the squares, i.e. v^ — u\ is a times ZY or 2as, 

v*-u*=2aB. 

The square of the velocity is increased by twice the product 
of the acceleration and the distance pasiedjpver. 
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A stone, was droppjpd from the top of a tower, and half 
a second “afterwards another stone was projected do'^hiwards 
so as to reach the ground at the same instant as the first. 
If the second stone was moving 2 sec., what was the velocity of 
its projection and the height of the tower (acceleration 32 f.B.s.). 
The first stone was moving 2| sec., therefore the height of the 
tower is J x 32 x = 100 ft. If it had had no initial 

velocity the second stone would have fallen Jx32x4 = 64 ft. 
in 2 sec., the residue, 36 ft., is due to the initial velocity 

u=-yi=i8f,s. 

The uniform acceleration of falling bodies is called g and is 
about 32 f.s.s. and 980 c.s.s. It will be further discussed in 
Chap. IV. ■ 

Summary. — The space described in t seconds by a point 
moving with a uniform velocity of |t. or cm. per sec. is 

vx^ ft. or cm. (1), 

The space described in t sec. by a point with an acceleration 
of a ft. or cm. per sec. in each sec. is seen to be 

s ft. or cm., where s= if it start from rest (2), 

and 

s^ut + \at^^ if the initial velocity be u ft. or cm. per sec. (3). 

The velocity v ft. or cm. per sec. acquired by a point which 
has passed over a distance of 5 ft or cm. while moving with 
an acceleration of a ft. or cm. per sec. in each sec. is given by 

v2=2a5, if it start from rest (4), 

and * • 

1^2^205, if it had an initial velocity of u ft. or cm. per sec. (6). 

Parallelogram of Velocities. — case often occurs in which 
a point has two different velocities, and the combination of 
these velocities must be considered. A simple example of this 
is seen in the effect of a current on the motion of a ship. Sup- 
posing, for example, that a ship be steaming 10 knots ^ E. b. N., 

^ The expression ‘so many knots* is an expression of speed or rate of 
motion. It rejyesents so 4naiiy nautical miles (6080 feet) run in one hour. 
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And at the same time a current be settiqg her 2 knots N. b. W., 
it is mdst desirable to know what effect this current will have on 
her motion over the ground, ie. over the sea-bottom. The 
cases of the ill-fated Serpent and Drummond Castle^ both carried 
by unsuspected currents setting into the Bay of Biscay, ^how 
that such a problem is of the first importance. 

Plotting the case mentioned above on a chart, AB (Pig. 8) 
represents the ship’s velocity 
(10 knots E. b. N.), AC the X 
current velocity (2 knots N. b. H 

W.), Completing the paral- . 

lelogram, the two motions may \ 

be considered to take place \ 
one after the othei. Thus if \ 

the vessel steam to B in half \ 

an^our, and then be carried 

by the current to D in the next g 

half hour, the effect will be the ^ 

same as if both motions took Pig. S. -Current mailing. 

place in an hour. In either case she will find herself at D 
after an hour, and the true velocity over the ground will be re- 
presented in magnitude and direction by the diagonal AD (12*2 
knots ; E.N.E.). 

This problem in current sailing is a very good example of 
The Parallelogram op Velocities. — If a poinii be moving 
with velocities which are represented in magnitude and direction 
by the sides of a parallelogram which meet in a point, the 
diagonal through that point represents the resultant velocity of 
the point in magnitude and direction. 

Baindrops, which in their fall have acquired a velocity of 
40 f.s., sfrike the pane of a railway carriage moving at 40 miles 
an hour. At what angle will they slant upon the pane ? A speed 
of 40 f.s. is equivalent to 27*27 miles an hour ; solving the righV 
angled triangle, whose sides are 27*27 and 40, either by a pro- 
tractor or by trigonometry, the angle is 34® 1 7' with the horizontal 

Resolution of Veloeities. — ^The peratlelogram^ of velocities 
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i^ay be applied to resolve a given velocity Ifijto its components 
in different directions. If a line AD represents the velocity of 
a point in magnitude and direction, it is often necessary to 
know what proportion of it is effective in two different directions, 
e.g, horizontal and vertical. 

Let AD (Fig. 9) represent the velocity of a stone thrown into 
^ the air; draw a horizontal 
line through A and a vertical 
line through D, meeting one 
another in B. Then the line 


BD represents the vertical 
part of the velocity at A 
which is affected, as we have 

® seen in Newton’s observation. 
Fig. 9.-Resoiution of velocities. acceleration of falling 

bodies. AD represents the horizontal part, which will nbi 'be 
so affected. This is called resolving the velocity horizontally 
and vertically. 

A railway train is running through a tunnel at the rate of 30 
miles an hour, when the boiler bursts, and a heavy piece of metal 
is thrown off at right angles to the direction of the train’s motion 
and with a velocity of 33 ft. per sec. With what velocity will 
it strike the side of the tunnel ? The train’s speed is 44 f.s. ; 
the metal’s 33 f.s. The resultant velocity is 55 f.s. at an angle 
of 37° to thee track. 


Parallelogram^ of Aeeelerations. — Accelerations as well as 
velocities can be completely represented by straight lines. A 
straight line has magnitude and it has direction; the magni- 
tude representing the number of units of velocity added per 
unit of time, and the direction being that of the acceleration, 
the strajight line completely represents the acceleration. 

Uniform acceleration alone being treated of, acceleration is 
velocity added in a unit of time. Hence it follows that the same 
considerations which led to the parallelogram of velocities lead 
also to the — 


Parallei^gram cV .^.ocelerationr— If a point have twp 
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accelerations, repvesented in magnitude and direction by the 
sides 8f a parallelogram which meet in a point, the diagonal 
through that point represents the resifltant acceleration in mag- 
nitude and direction. 

Trajectory (tois, yaab, the path of, that which is thrown). 
A stone thrown into the air traverses a path which is called a 
Trajectory ; this path can be determined by using the results now 
found. 

If the velocity of projection be represented by AD (Fig. 9), 
the horizontal component (v) of the velocity at A, represented 
by AB, is uniform ; after t sec. the distance s traversed hori- 
zontally = v.^. The vertical component {u\ represented by 
BD, varies in consequence of the acceleration of falling bodies ; 
after t sec., the distance s' traversed vertically + If 

P be the stone or moving point, the vertical distance of P from 
a hSrizontal line AB = and the horizontal distance of 

P from a fixed point in AB = vL A point moving thus describes 
a curve which is called a Parabola. 

Though we can see no trace left in the air by a single body, 
such a path might be exhibited by making several bodies follow 
one another with equal velocities. The simplest way of effecting 
this is to project a jet of water with the required velocity ; a 
jet is in reality a number of particles all issuing with equal 
velocity, and as each in turn follows the same path the form of 
the stream is the path of a single one. 

A tall vessel is provided with a tap and a nozzle working on 
a joint (Fig. 10), so that it can be adjusted to any angle^ a 
supply pipe is adjusted so as to' keep the water at a definite 
height in^the vessel. The course •followed by the falling water 
may be traced on a blackboard placed near it, and will be found 
to be neafly a parabola ; the resistance of the air to the motion 
of the water prevents its describing the true curve. When the 
whole apparatus is placed in a reservoir from which the air has 
been exhausted, the water follows a parabola. 

Further, by the tap regulating the supnl^, it Js possible to 
adjust the path of the^stream so as to^ollow a cuiwe described 

0 
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on the board beforehand ; the nozzle being placed as a tangent 
to the curve, the water in the tall vessel must be brought to 
and kept at such a heiglft as will maintain the requisite velocity 
of outflow. 

This experiment mpst be referred to again in the chapter 



Fig. 10. — A trajectory curve. 


on^Moving Liquids (p. 239), but it illustrates the trajectory so 
perfectly, and the principles involved are so simple, that it is not 
out of place to introduce it here. 

Motion In a Circle. — A motion which is really uniform also 
takes place when the direction of motion is uniformly changed, 
but not the speed. A ball swung round at the end of a string 
may be taken as an example of a point moving at uniform speed, 
but in a uniformly changing direction. Let it occupy after 
successive units of the positions P and Q (Fig. 1 1), with 
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velocities at those points represented in magnitude and direction 
by the \wo equal straight lines PS, QT. These velocities, repre- 
sented by the equal lines PS, QT, are^equal in magnitude, but 
they are not in the same direction. This is a special case of 
uniform acceleration, equal speeds being added in a uniformly 
changing direction. To estimate the acceleration at the point P, 
take a very small unit of time, in which the ball moves to the 
next point of the circle. On the assumption that the space PQ 
traversed in a unit of time is small compared with AP, the 



Fig. 11.— Motion in a circle. 


acceleration is the change of velocity between* the points P and 
Q, acceleration being the change of velocity in a unit of time. 

The question then resolves itself into this : What velocity 
combined with PS will make QT ? This is the acceleration at 
the point P. QT mugt be the diagonal of a parallelogram of 
which PS and the acceleration are two adjacent sides. To make 
the figure clearer, the lines are removed to the small figure on 
the right, where ST is seen to be the required acceleration. . The 
letters, magnitudes, and directions are the same in the two 
figures. 

It is usual to denote an angular velocity by w, ie, the angle 
which a radius a sweeps out in, a unit of time is o) and the 
distance which its extremity traverses is aw. In the figure, PS is 
cua and TPS is w; the angle w is so sriall^hat STJiardly differs 
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from the arc described radius PS. The ma^itude of the 
acceleration at P represented by ST is ao)^, and its dir&tion is 
practically at right angbs to PS. Now the line through P at 
right angles to PS passes through the centre. Hence when a 
point moves in a circle, radius a, with uniform angular velocity 
<*), the acceleration at any moment is in the direction of the 
centre. 

Motion of a Bdhy. — At first sight we might gather that the 
motion of moving objects in general is very intricate. If a ball 
be thrown into the air the direction and the rate of its motion 
continually change. If a stick be thrown, its gyrations seem still 
more complicated. Now if the stick be watched attentively it 
will be seen that one point in it moves as a ball or stone would 
move, while the stick itself gyrates or rotates about an axis 
through this point. The bail has also a motion of the same 
kind; its centre describes a certain path in the air whflb'^the 
ball is spinning round an axis through the centre. 

The rotation of a body round an axis may be measured by 
the angles swept out by a line in the body perpendicular to 
the axis. Its angular velocUy is said to be uniform when equal 
angles are swept out in equal times. 

Some moving bodies have no motion of rotation; the Newtonian 
apple had none. Some have no motion of translation ; a fly- 
wheel, a top ‘ perfectly asleep,' are instances of rotation only. 
These are special cases in which the motion is of a simpler form. 

The motion of a body at any instant is completely described 
by stating the velocity of translation of one point in the body, 
and the velocity of rotation of the whole body round an axis 
through this point. 

The expressions motion, rest, uniform motion, etc., have now 
been discussed, and the terms velocity and" accelerafion have 
been introduced, explained, and defined so as to explain more 
definitely the ideas which they convey. Velocities and accelera- 
tions have been seen to be completely represented by straight 
lines, and the combination of velocities and accelerations to be 
effected by tje simple principle that one who walks along the 
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diagonal of a parallelogram reaches the*same point as one who 
traverses its sides. 

In this chapter motion alone is treated of without reference 
to the causes of motion or the nature of the bodies moving. 
Kinematics, or the science of motion pure and simple, is studied 
first as an introduction to Kinetics, with which the next chapter 
is occulted. 



CHAPTER II 
Mass in Motion 

Kinetics — Mass — Inertia— Momentum — Uniform Motion — Inertia Illustrated : 
Bodies at Best, Bodies in Motion — Inertia of Rotation — Centrifugal 
Force — Force — Second Law of Motion — Standards of Mass — The F.P.S. 
System — The C.G.S. System — Units of Force — Representation of a Force 
by a Straight Line — Parallelogram of Forces — Impulses — Dynaroiaf^i^ 

Kinetics. — By what has been said in the previous chapter about 
the motion of a point, and the connections which have been 
established between velocity, acceleration, time, and space de- 
scribed by a moving point, a certain language has been established 
which can be now used for describing the motion of bodies. The 
further consideration which must now be introduced is that of 
mass, for a body possesses mass and a point does not. 

If two exactly similar bullets be moving, the one with a 
velocity of 1.000 ft. per sec., and the other with a velocity of 
2000 ft. per sec., the latter may be said to have a ^ motion^ 
double that of the former. The bullets being equal, this may be 
nothing more than the speed or rate of motion treated of in the 
last chapter, where bullets were considered as moving points. 
But a new factor appears when the motion of a Ijeavier or 
lighter bullet is considered. If two bullets be moving with a 
velocity of 1000 ft. per sec., one of them having twice as much 
lead in it as the other, it may be said to have twice the ^motwrC 
of the other, since there is twice as much lead moving at the rate 
of 1000 ft. per sec. ^ 

The * miion ’ here referred to is moving matter ; the skinount 
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of matter in a body is taken into consideration, every body being 
composed of some kind of stuff or matter. 

Mass. — The mass of a b 9 dy is the •amount of matter in it. 
Matter is that which occupies space. The matter or stuff of a 
body is the body itself as nothing else about it is ; its colour, its 
form, its size, its hardness, etc. are characteristics of the body, 
the matter composing it is the body itself. 

Inertia (lit. laziness) is a name given to the property of 
matter described in Newton’s first law, and it is only by com- 
parison as to inertia that the magnitude of two masses can be 
compared. 

The ‘ state of motion ’ referred to in Newton’s first law of 
motion includes the amount of the mass as well as of the velocity 
with which it is moving. To prevent any misunderstanding, 
ar ising from the use of the general word ‘motion,* the term 
* momentum ’ is applied to mass and velocity combined. 

Momentum is the product of the mass of a body and its 
velocity. Unit momentum is the momentum of a unit of mass 
moving over a unit of length in a unit of time in a definite 
direction. Newton in his first law of motion stated the fact 
which he had observed in nature, namely, that momentum is 
unaltered except by force. Force is that which tends to alter 
momentum. 

Uniform Motion in a straight line or unaltered momentum 
is not found in nature. Moving bodies always mee4 with impedi- 
ments, but, the more the impediments are removed, the more 
uniform is the motioi^. 

A stone moving over the surface of smooth ice affords an 
instance of motion to which little impediment is offered; still, 
the air ^and the ice both retard its motion to a certain extent. 
If these obstacles were removed its motion would never vary. 
Were a meteorite to traverse a space where there was neither 
I’esistance nor attraction, its momentum would be unchanged, 
and it would move on with the same speed in the same direction 
continually, and this would be uniform motion. Such conditions, 
however, do not exist. 
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Inertia Illustrated. -r-Th^ apple at rest on a tFee, the stone 
skimming over smooth ice have been instanced as examples. 
Some further experiments on, and illustrations of, inertia 
follow. 

(i) Bodies at Rest continue at rest unless compelled by force 
to move. Relative rest is meant here ; the foot-warmer, spoken 
of as relatively at rest, resists movement when it is kicked. 

If a card be placed on a tumbler and a sovereign on the card, 
a smart fillip on the edge of the card may cause it to fly away, 
but the sovereign stops still, and, being unsupported, will fall 
into the tumbler. 

The feat of sheep-slicing, so often performed at an assault-at- 
arms, illustrates inertia ; the rapid pass with the sharp sword 
does not exert suflicient force to impart any motion to the 
hanging carcase. 

(ii) Bodies in Motion retain their momentum unless con- 
strained by force to alter it. If a person step out of a moving 
tram-car his body continues to move with the velocity it had in 
the car ; his feet are stopped as they touch the ground, and he 
falls unless he step forward. 

A horse is proceeding at full gallop across a heath ; he 
suddenly finds himself on the edge of a sand-pit and brings up 
with both his fore-legs stiifened ; his rider, unless he has a firm 
seat, will fly over the horse^s head. 

A hammer, a battering-ram, furnish instances of momentum 
employed to overcome resistance. 

It is found in railway collisions that Pullman car is very 
destructive to the carriages before it. The strong iron frafhing 
of the car maintains its momentum and acts like a battering-ram 
on the coaches in front. 

c* 

Curling, the ‘ roaring game ' of a Scotch winter, afibrds many 
illustrations of inertia. Stones weighing from 35 to 50 lbs. 
are played on ice with the object of placing them near to a fixed 
point or iee (Fig. 12). Force is required to start the heavy 
stone. When delivered, it flies over the smooth ice with what 
appears at first^ to be i uniform motion ; gradually it loses its 
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speed, and the* ship or head of the side estimates its chances of 
reaching* or passing the tee. 

The players each have a broom, and •if the stone lags on its 
journey he calls * Gie him heels ! * and the brooms polish the ice 
before it ; if it goes too fast, he shouts ‘ Besoms up ! * and the 
snow and ice chips check its progress. Were there perfectly 
smooth ice and no air to destroy its momentum, the stone would 
retain it unalter^ 



The motion of a body was defined on p. 20 as consisting of 
the velocity of translation of one point in the body, and the 
velocity of rotation of the whole body round an axis through the 
point. 

Inertia of Rotation. — If a body be rotating round an axis it 
will continue to rotate ^und the same axis with the same uni- 
form angular velocity unless constrained by force to change it. 
The earth rotates on its axis with uniform angular velocity in 
one sidereal day. In strict accuracy this should be called ‘ ap- 
proximatefy ’ uniform ; there is a very small retardation due to 
the friction of the tides, and a small change in the direction of' 
the axis, due to the attraction of sun and moon. These are too 
minute to be considered, and the rotation of the earth can be 
looked on as our nearest example of the permanence of angular 
momentum; The direction of the axis ^d'the angular velocity 
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continue unchanged ; i/iS angular velocity affords a standard of 
time. 

Advantage is takeit of inertia of rotation in the use of a 
heavy fly-wheel in machinery. Its inertia controls the shafting 
by maintaining a nearly uniform motion when the work done 
by the machines varies. 

Centrifugal Force (or a tendency to jiy from the centre) is an 
instance of the effect of inertia. 

If a stone be whirled round the head in a sling, its velocity 
is continually changing (see p. 7), even though the speed be 
uniform. Its momentum is therefore continually changing, and 
this must be due to force — the force applied to the stone by the 
sling. When the stone is released, and this force no longer acts 
upon it, it pursues a path with the velocity which it had at the 
moment of release. This has the direction of the tangent to its 
circular path (Fig. 13). The stone, instead of continuing the 

circular path from A to B, goes from 
A to C in the same time, that is, 
being released it has gone to C in- 
stead of going to B, which makes it 
appear to fly from the centre. 

The drops of water flung off from 
a mop when it is twirled round start 
in the direction of tangents to the 
circular outline of the mop. They 

Fig. 18.-Centrifug.i motion. *^® appearance of flying away 

from the cenfpe. 

A stationary engine is often regulated by a governor. Two 
heavy balls are fastened to arms, hinged, as in a semaphore, on 
a vertical axis, which turns with the revolution of the engine. 
When the speed of the engine increases the balls fly outwards, 
and, by a connection with the throttle valve, cut off* the supply 
of steam, and the speed diminishes. The governor balls then 
fall and approach the axis, and steam is again increased. The 
object of the governor is to keep the engine running at a uniform 
speed by adjusting t£e ^pply of steam to the load. 
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The whirling table in a lecture room affords many experiments 
exhibiting ‘ centrifugal force/ 

A ball, or, as in Fig. 1 4, two balls connected together, slide 
on a brass rod which is rotated about a vertical axis. If the 
single ball be placed at the centre of rotation it will remain 
there ; but it is difficult to place it exactly at the centre, and, as 
the rotation continues, if it be displaced at all from the centre, it 
flies with great violence to the outside. 

In Fig. 14 is also shown a brass axis carrying thin strips of 



Fig. 14. — Ball and ‘figure of the earth.' 


metal in# the form of two circles at right angles ; the strips are 
fastened at the foot of the axis, the upper parts slide on the rod. 
If this be screwed on the spindle of the whirling table, the circles 
become flattened when rotated, since the particles of metal en- 
deavour to continue their rectilinear motion. The experiment 
suggests the idea that the flattened forja of the figure of the 
earth is due to its rotation in a more or less fluid eondition. In 
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another experiment a glass globe, not quite filled with yrater, is 
screwed on to the whirling table ; as the rotation proceeds the 
water revolves in a fltiid ring (Fig. 15), leaving an altnost 
cylindrical core of air. 

This form of apparatus shows the action of a cream separator. 
Milk is placed in a drum revolving on a vertical axis. A rapid 



Fig. 15.— In»taiitaueous picture of fluid ring. 


rotation divides the heavier milk, which flies to the outer rim, 
from the lighter cream, which forms the inner surface of the 
cylinder. The cream is separated by removing the inner layer 
of the rapidly revolving ring of fluid. 

‘.Centrifugal force ^ is the force exerted by a whirling body 
on the connection which obliges it to move round a centre ; it 
is the reaction which the inertia of a body constrained to 
move in a circle opposes to the constraining force. Bodies which 
are moving in a circle have an acceleration in the direction 
of the centre ; to make a body move in a circle force must be 
exerted on it towards the centre of the circle. If this force were 
not exertedr the body would fly from the centre. 

If this be understood, the term ‘ centrifugal force ’ will not 
be nrisleading.# 
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Force as dfescribed in the first law is that which tends to 
change tnomentum. If a body which is free to move be acted 
upon by a force, whether it be at rest er in motion, its velocity 
is changed by the force by a certain definite amount at the end 
of a unit of time. If an equal force act on a similar body for a 
unit of time it will produce the same change of velocity, and so 
on with any number of equal forces and bodies. Now if the 
bodies were all fastened together, and the equal forces all acted 
on them in the same direction, the bodies would all experience 
the same acceleration. This shows that in order to impart the 
same acceleration the force must be proportional to the mass of 
the body. 

If, again, there be a body whose velocity is changed by a 
certain amount when a force has acted on it for a unit of time ; 
a second equal force also acting on it produces an equal accelera- 
tioiTT^nd if any number of equal forces act simultaneously on 
it in the same direction, the total acceleration is the sum of all 
the accelerations. The acceleration produced by them all is the 
same multiple of the original acceleration as the total force is of 
the original force. 

Hence we conclude that the force required to produce the 
same acceleration must be proportional to the mass of a body ; 
also that, the body being the same, the acceleration imparted to 
it must be proportional to the force applied. Combining these 
two considerations, it follows that the magnitude oi a force can 
be measured by the change of momentum in unit time. This is 
the substance of Newton's Seeond Law of Motion. Change 
of motion is proportional to the force applied, and takes place in 
the direction of the fmce. Force . is measured by . change of 
momentum per sec. in magnitude and direction, or by the 
product df the mass and the acceleration imparted to it; so 
that if P be the force which imparts an acceleration / to the 
mass m ; then P = m/. 

It ndust be observed that Newton omits to notice the time 
during which the force is acting. The law should begin, ‘ During 
the same time, change of motion, etc/ . 
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In dealing with the same body, that is, with the same inertia, 
the force applied varies as the acceleration, and the acceleration 
varies as the force. For example, if a body be falling through 
treacle with a velocity of 10 centimetres per second, and at the 
end of one second it be moving with a velocity of 4 centimetres 
per second j or again if when the same body has fallen through 
water its velocity be 7 centimetres per second after one second, — 
in the former case there is a negative acceleration of six units, and 
in the latter of three units. We conclude, therefore, that as the 
loss of momentum in the treacle is twice that in the water, the 
force retarding the motion of the body in treacle is twice that 
in water, and both in the direction opposite to its fall. 

Mass, force, and acceleration are seen to be quantities which 
are connected with one another. If we wish to measure mass, we 
can do so by estimating the acceleration which would be imparted 
to it by force ; if we wish to measure force, we can estirrfflfce the 
amount of acceleration which it would impart to a mass. 

It is true that the idea of force is not necessarily 
connected with mass and acceleration. When a heavy weight 
rests on a table we know that the table is exerting a force to 
support it, because if we take the weight in our hands we have 
to exert a muscular force to support it. In the compression 
of a spring, the extension of animal muscle, the resistance to 
expanding steam or compressed air, force is exerted ’ without 
any change /)f momentum. It would be possible to establish a 
standard of force by making with great care a standard steel 
spring, which the unit force should compress through unit dis- 
tance. Springs are used in practice for measuring force. 

* But for a scientific standard of force it is necessary first to 
establish a standard mass ; the unit of force is then that force 
which produces unit momentum in unit time, or imiparts unit 
acceleration to unit mass. The discussion of measures of force 
must, therefore, be deferred till after the measures of mass have 
been discussed. 

Standards of Mass. — Two standards of mass are generally 
used. 
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The British Pound is the mass of a pipce of platinum, of which 
Fig. 16 IS the exact shape 
and size; this is kept in 
the Standards Department 
of the Board of Trade as 
the legal standard for 
Great Britain. It contains 
7000 grains. 

The Kilogramme is 
the mass of a piece of plat- 
inum, of which Fig. 17 is a 
careful representation; this 
is kept in the Bureau des 
Archives in Paris, and is 
the standard of mass for Fig. le.—Tiie British pound, 

the metrical system. A 

copy of this Standard is also kept in the Standards Department, 
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1 kilogramme = 1 000 grammes. 1 gramme s 1000 milligrammes. 

Comparison — 

1 lb. = ^4536 kilo. 1 kilo..=2-2046 lb. ’ 

The comparison of quantities measured by different units is 
facilitated by the use of the scales given on pp. 103, 105. 

The P.P.S. System. — In the British scientific system of units 

The Foot is taken as the Unit of Length. 

The Pound is taken as the Unit of Mass. 

The Second is taken as the Unit of Time. 

This combination of units is called the F,P.S. system. 

The C.G.S. System. — The Gramme is the unit of mass most 
frequently employed for scientific purposes : it is the one- 
thousandth part of the standard kilogramme. It was intended 
originally to be the mass of one cubic centimetre of distilled 
water at 4° C.; a reference to Fig. 72 (p. 102) shows ffiat one 
gramme of distilled water occupies less than a cubic centimetre 
at a temperature of 4° C. The mass of a cubic centimetre at 
that temperature is really 1*00013 gramme, but for all practical 
purposes it is one gramme. 

The metrical system is well adapted for scientific investiga- 
tions, and in this — * 

The Centimetre is taken as the Unit of Len^h. 

The Gramme is taken as the Unit of Mass. 

The Second is taken as the Unit of Time. 

w 

This combination of units is called the C,G,S, system. 

Units of Force. — The Poundal, the British scientific unit 
of force, is that force which will produce a velocity of one foot 
per second in a mass of one pound after acting on it for one 
second. 

The Dyne or C.G.S. unit of force is that force which will 
produce a velocity of one centimetre per second in a mass of 
one giumme after acting on it for one second. 

The dyne is inconveniently small for measuring ordinary 
forces ; the megadyne, 1,000,000 dynes, is sometimes used. 

These are the scientific units of force which are convenient 
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for theoretical investigations ; the practical unit of force — the 
WEiGinf OF ONE Pound — will be discussed later (p. 48). 

Representation of a Force by a Sitraight Line. — Since a 
force tends to impart acceleration to a mass, and the force is 
proportional to the acceleration in magnitude and coincides with 
it in direction, it follows that forces may be completely repre- 
sented by straight lines equally with velocities and accelerations 
(pp. 7, 16). Two straight lines through a point can completely 
represent two forces acting on a mass at that point, when their 
lengths are proportional to the accelerations they would each 
impart to it, and their directions are the same as the directions 
of the forces. 

It follows that the parallelogram law, which was seen to hold 
good for velocities and accelerations, also holds good for forces. 

Parallelogram of Forces. — ^If two forces acting at a point 
are represented in magnitude and direction by the sides of a 
parallelogram which meet in the point, the diagonal through 
that point represents the resultant force in magnitude and 
direction. 


One of the simplest cases, and one in which problems con- 
tinually occur, is that of forces at right angles. The force which 
is represented by the diagonal of a rectangle may be replaced 
by two forces represented by adjacent sides of the rectangle. 

For example, the force of wind acting on a sail OP (Fig. 1 8) 


and represented by AC is 
‘ resolved ^ into a force AD 
along the sail, which does 
not produce any effect, and 
the force AB perpendicular 
to it, which does. This force 
AB is composed of two 



Fig. 18.— Sail of boat on port tack. 


parts, AE and AF, of which one AE propels the ship, while the 
other AF causes ‘ leeway,' i.e, makes the ship go sideways. 

Impulses. — Change of motion is som^imes caused by forces 
which are very great and act for so short a time that they 


cannot be seen to produce acceleratioi^ If a body in motion 


D 
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meets another, and an^impact occurs, a change of motion takes 
place, which, for all practical purposes, may be callecf instant- 
aneous. Sudden chan^ of momentum is called an impulse. 

A billiard ball struck by a cue or by another ball has the 
appearance of starting at once with a velocity depending on the 
impact. 

Two equal ivory balls are suspended by strings (Fig. 1 9) of 



Fi>;, 19. — Impact. 


equal length. One of them 
A is drawn aside and let 
go, so as to hit the other B. 
As a consequence of their 
impact B, which was before 
at rest, is set in motion 
with a velocity almost equal 
to that which A had at 
the impact, and B "Uses to 
a height almost equal to 
that from which A was 
released. The amount of 


motion set up in B is equal to that which A had, and A 
remains perfectly still until it is hit again by B. The change 
in the momentum of B measures the impulse of A impinging 
on B. It should be observed that in this experiment the equality 
of the two masses is tested a1)solutely by the equality of their 
inertia. 


Dynamics dynamis^ force) is the name given to 

the study of the action of force on bodies ; it has two branches : 
Kinetics, the study of the action of force on moving bodies ; 
and Statics, of the action of force on bodies at rest and re- 
maining at rest. 



CHAPTER III 


Work Done and Energy 

Work Done-Units of Work — Energy — Potential Energy— Kinetic Energy — 
Momentum: W’ork done and Kinetic Energy — The Gun ami Shot — 
Transformation of Energy — The Pendulum — The Conservation of 
Energy — The Earth — A Conservative System. 

Work iJbne is defined in Mechanics as the exertion of force 
through a distance in its own direction. In ordinary affairs 
much work is done which cannot be so described. If a bucket 
of water be carried along a level path no ‘work is done' 
against the weight of the water; yet the popular impression 
would bo that a good deal of work is done if' much water be 
carried, even though the path be level. The expression ‘ work 
done ' is a technical one, and is confined to the exertion of force 
through a distance in its own direction, and it is measured by 
the product of the force and the distance moved in tlfb direction 
of the force. 

If a boat be towed qp. a river behind a steam-launch, and a 
spring- balance fastened to the tow-rope indicate the force 
exerted on the boat, the product of ’this force into the distance 
through which it is exerted is the measure of the work done on 
the boat. If the boat be aground on' a sandbank and the launch 
engaged in towing it off, no work is done on the boat until it 
moves; the spring -balance would indicate a certain force as 
exerted, the engines are doing work on the water, but ‘no work 
is done ' on the boat so long as it remains at rest. 

Units of Work. — The Foot-PoundaB is the amount of work 
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done by a force of one 4 )oundal in acting through one foot, in its 
own direction. 

The Erg is the OJG.S. unit of work ; it is the work done 
by a force of one dyne in acting through one centimetre in its 
own direction. 

The erg is too small a unit for practical purposes ; one 
million (10®) ergs are called a megalerg or megerg; but the 
more usual unit is the Joule, which is 10 million (10^) ergs. 

The Foot-Pound is the practical unit of work, which will 
be discussed later (p. 51). 

Energy is capacity for doing work. Living creatures have a 
capacity for doing work, but the subject of Natural Philosophy 
does not include the study of the manner in which living 
creatures develop energy ; this chapter deals with the manner in 
which inanimate bodies have capacity for doing work. 

The Potential Energy (lit. possible energy) of a bocly due 
to a force is the capacity for doing work which it possesses in 
consequence of its position with respect to that force. 

A stone resting on the edge of a cliff has potential energy 
due to gravity; springs or gases compressed, weights raised, 
water so placed that it can fall through some height, all have 
capacity for doing work owing to their position with respect 
to force. The potential energy of a body can be measured by 
the amount of work done against the force which ^had to be 
overcome iK> place it in its present position ; this is the amount 
of work which it can do when released. 

Potential energy is measured in fool^-poundals or ergs. 

The Kinetic Energy (lit. energy of motion) of a body is the 
capaci^' for doing work which it possesses in consequence of 
its m^s and its velocity ; it is equal to the work which has been 
done to impart this velocity to the mass. 

A force of mf poundals (or dynes) imparts an acceleration 
/ f.s.s. (or C.S.S.) to a mass of m lbs. (or gr.). If it act for t sec., it 
imparts to m lbs. (or gr.) a velocity v=f,t f.s. (or c,s.), and the 
mass moves through a distance ft. (or cm.). The work 
done by th^ force is the product of the force, and the distanjbe 
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through which it has acted = w/x ft. -poundals 

(or ergs) * 

Let the velocity fd be replaced Ify v; then the work 
done by the force is ft. -poundals (or ergs). Conversely, 
this is the work which a body of mass m can do in consequence 
of a velocity v, and is called its Kinetic Energy. 

Momentum : Work Done and Kinetic Energy. — If a mass of 
100 lbs. (or gr.) which is free to move be acted upon by a force 
of 1000 poundals (or dynes), the acceleration is 10 f.s.s. or c.s.s.; 
after one sec. it moves with a velocity 10 f.s. (or c.s.). 

The momentum produced by the force in one sec. is 
100 X 10= 1000 F.P.S. (or C.G.S.) units. 

The mass moves in one sec. through a distance 5 ft (or cm.) 

(s = ^a^2. 5 = 1 X 10 X 1). 

The vx>rk done by the force is the product of the force, and 
the distance moved 1000 x 5 = 5000 ft-poundals (or ergs), and 
this is equal to half the product of the mass and the square of 
the velocity = |- X 100 X 100 = 5000 ft-poundals (or ergs), the 
kinetic energy of the moving mass. 

Now let another body of half the mass 50 lbs. (or gr.), also 
free to move, be acted on by the same force 1000 poundals (or 
dynes) for one sec., it moves with a velocity 20 f.s. (or c.s.). 

The nmaentum produced is 50 x 20 = 1000 F.P.S. (or C.G.S.) 
units, the same as in the former case. 

This mass moves through a distance of 10 ft. (or cm.) 

(s = Ja^2. 10 = ^ X 20 X 1). 

The work done by thg force is the product of the force, and 
the distance moved =1000 x 10 = 10,000 ft-poundals (or ergs), 
which is the same in value as tht- kinetic energy^ half the pro- 
duct of the mass and the square of the velocity = J x 50 x 400 = 
10,000 ft-poundals (or ergs). Hence the work done on, and 
kinetic energy imparted to, the mass of 50 lbs. (or gr.) is twice 
that done on a mass of 100 lbs. (or gr.) by the same force in the 
same time. 

If the same force act on a mass of 10 lbs. (or gr.) for one sea 
it produces the same momentum, 1000 F.P.S. (or QG.S.) units, 
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but it produces a velocity 100 f.s., and so the kinetic energy 
produced is = i x 10 x 10,000 = 50,000 ft.-poundals (or 
ergs), which is also the*work done on it — ten times that done on 
the mass of 100 lbs. 

These three examples illustrate the general principle that, if 
a force act on any mass which is free to move, the momentum 
produced in the same time is the same ; but the work done by 
the force and the resulting kinetic energy produced vary in- 
versely as the mass of the body. 

The acceleration imparted by a given force varies inven'uly 
as the mass on which it acts; the distance through which the 
body is moved in a given time varies as the acceleration 
directly. Hence the distance moved and the work done by a 
force in a given time vary inversely as the mass on which 
it acts. 

I 

The Gun and Shot. — The comparison between the work 
which is done by the same force on large and small masses may 
be illustrated by an imaginary instance of a shot fired from a 
big gun. It may be assumed that an equal force acts on the 
gun and on the shot, remaining uniform during the time that 
the shot is in the muzzle of the gun. Both receive equal 
momentum, but in opposite directions. 

But the work done and the kinetic energy imparted vary 
inversely as the masses of gun and shot. 

If the (mass of the shot be 100 lbs. and of the gun (6 
tons) 12,000 lbs., though the gun and the shot have equal 
momentum the kinetic energy of the /?hot is 120 times that 
of the gun. 

While the shot is in the muzzle of the gun, it moves 
120 inches in the time the gun is only moving one inch, so that 
the work done by the expanding force of the powder, supposed 
to be uniform, on the shot is 120 times that done on the gun. 

If the work which they respectively do in consequence of 
their kinetic energies be compared, the practical meaning of 
the expression kinetic energy can be seen. 

The gun^ is brought ♦up by the controllers, which may be 
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supposed to exert a uniform force o® it through a certain 
distance ; its momentum is thus destroyed. The shot may be 
supposed to meet with an equal uniform* force in the resistance 
of armour and backing ; its momentum is destroyed in the same 
time, but owing to its velocity it goes 120 times as far in the 
time,' and therefore does 120 times as much work. The shot 
pierces 120 inches of armour and backing, while the gun has 
only moved one inch, both assumed in this imaginary case to be 
against equal forces. The kinetic energy of the shot, the work 
which it can do, is 120 times that of the gun from which it 
is fired. 

The momentum which a force produces in one second is the 
same on whatever mass it acts. If a small force act on a large 
mass it produces a very small movement, hence the work which 
it does is very small. This may help the student to understand 
why a force meeting with resistance from a body supposed not 
to move does no work. It is as though it acted on a mass 
supposed to be infinite, in which it produces no movement, and 
so no work is done. 

Transformation of Energy. — In the examples given pre- 
viously, force has been supposed to be acting on a body free to 
move, and the work done has produced only kinetic energy. 
If however other forces be acting, work done against force may 
give a body potential energy, so that it can do work and impart 
kinetic energy. 

If a railway carriage be standing close to terminal buffers, 
and a train be backed down on it, the buffer springs are 
compressed and work is done. The carriage itself then has 
potential energy, and when the train goes away does work on 
the train by pushing : could the train be instantly removed the 
carriage itself would acquire kinetic energy. 

This is most simply seen in the case of a pendulum ball and 
its movements due to its weight. Gravity, the attraction of the 
earth, is considered in the next chapter ; for the present it is 
sufiSicient to speak of it as the cause of that force which we call 
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The Pendulum. — WAen a suspended ball is drawn ^aside, it 
is raised, work is dmie against gravity, measured by the product 
of the weight of the ball and the height s (Fig. 20) through 
which it is raised. Before it was disturbed the ball was in 

equilibrium, at rest in its lowest 
position ; when held on one side 
it is at rest, but work has been 
done on it, and its condition is 
changed. This can be seen by re- 
leasing it ; when it reaches its 
lowest ^ position again work has 
been done on it by gravity, — as 
much work as was done on it 
against gravity to raise it. It is 
not now at rest in its lowest posi- 
tion, as it was initially, but moving 

Fm. 20 . -Snupiopeii(iuinin. wolild be movitig if it 

had fallen freely through a vertical height 5 . Moving on, it 
rises again to a height equal to that from which it was released ; 
it is then at rest again. 

Were a ball thrown up vertically with the velocity <0 of the 
ball at its lowest point, it would reach a height s, be at rest 
there, then fall again and obtain the same velocity where v^ = 2gs. 

The work done on the pendulum ball in pulling it aside and 
so raising ih has changed its condition; in its lowest position 
it is no longer at rest, but moving with a certain velocity which 
enables it to do work against gravity by raising its own mass 
through a certain height or another equal mass if it were to 
collide with it, as in Fig. 1 9. 

In fact, the work done on the j)endulum ball has endued it 
with energy. This energy is of two kinds ; there is the energy 
which it possesses when at rest in its highest position ; this is 
called Potential Energy, or energy possible because of its position; 
and there is the energy which it possesses in virtue of its motion, 
called Kinetic Energy or Energy of Movement. 

The motipn of the ball is continually varying; sometimes 
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the ball^has more energy of movement, <;ometimes more energy 
of position, neither of which it had before work was done on it. 

When the pendulum ball is in regiflar oscillation potential 
energy is continually being exchanged with kinetic energy. As 
the ball is falling its potential energy is decreasing and its 
kinetic energy is increasing, till at the lowest point there is*no 
potential energy; the kinetic energy is then ‘a maximum, and 
equal to the potential energy at the point of release. 

The * opposite takes place as the ball rises ; its potential 
energy continually increases, while its kinetic energy decreases 
and vanishes when the position of rest is reached again ; then 
its potential energy equals the work done on the ball in the 
first instance. The sum of the two forms of energy remains 
the same so long as no work is done on the body from outside. 

Just as coins of one country exchange in another at a certain 
rate of exchange, so the rate of exchange of work done, potential 
energy and kinetic energy, measured in foot-poiindals or ergs, is — 

Work done = force x distance = change of potential eIIerg^'^ 

= change of kinetic energy = J mass x change of velocity*. 

For the complete consideration of the kinetic energy of a 
body the movement of translation and the movemenirof rotation 
must be separately considered. 

The kinetic energy of translation of a mass m moving with 
velocity v is foot-poundals or ergs. 

The kinetic energy of rotation of a body is ^mkV, when w is 
the angular velocity abgut an axis and k the distance from the axis 
at which the mass of the body might be placed to require a couple 
of moment equal to that which the body requires to turn it. 

Kinetic and potential energy together constitute the total 
energy of a mass or a system of bodies ; they may be changed 
the one into the other, but taken together their sum is constant. 
This is called the Principle of the Conservation of Energy. 
The total energy of a system of bodies is constant ; kinetic 
energy may be turned into potential energy or the reverse, none 
is lost. 
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If work be done 09 the system its energ.y, whether poten- 
tial or kinetic, is changed to that extent, and also if the system 
does work or corainunidlites energy to bodies outside it. 

The pendulum observation furnishes a good example of this. 
Were the motion in a vacuum and the string perfectly flexible, 
the ball would return to the same height and the oscillation 
would never change. But the air retards the ball, work is done 
on the air, and the energy so imparted to the air is transferred 
to the neighbouring air and so lost to the system with which 
we began — the ball and string; in the end all energy is thus 
removed and the ball comes to rest. But energy is not lost to 
the universe, and the sum of energy in the universe is constant. 

The Earth. — An illustration on a larger scale may be found 
in the motion of the earth round the sun. The attraction of the 
sun causes an acceleration of inch s.s. in the earth in the direc- 
tion of the line between them. In the winter the earth is about 
3 1 million miles nearer the sun than in the summer ; the earth 
has moved through that distance towards the sun. The force of 
the sun’s attraction has done work on the earth through that dis- 
tance, and in consequence the kinetic energy of the earth is in- 
creased to that extent. The product of the earth’s mass, the 
acceleration inch s.s., and the distance 3^ million miles is the 
work done on the earth. The velocity of the earth in its orbit, 
about 18 miles per second, is increased by about J mile per 
second. The product of the earth’s mass and the change in half 
the square of the velocity is the change in the kinetic energy of 
the earth in its orbit. 

In what has been said there is a good deal of repetition, but 
the subject of energy is worth some trouble to master, and this 
must excuse reiteration of the same ideas. 

It is only of late years that the principle of the conservation 
of energy has been seen to be of universal application. Later on 
it will be seen that heat and sound and light, magnetism and 
electricity are all forms of energy, and these must be taken into 
consideration when the total energy of a system is estimated. 
For example,, in old times it was thought that motion was lost 



Ill 


WORK DONE ANt) ENERGY 


43 


through friction, but the work of Joul^and others has enabled a 
numerical equivalent to be assigned to the work done by friction, 
and changed into the energy of heat* All this must be more 
fully treated of later. 

In Mechanics the principle of the conservation of energy 
can be studied as applied to smooth bodies, and omitting friction. 
Such a system is called a Conservative System, which is one 
in which the work done is equal to the changes in potential 
and kinetic energy, and is independent of the order of the 
changes. 



CHAPTER IV 
Gravity and Weight 

Gravitation — Gravity— The Fall of Bodies— Fall Apparatus— The Earth’s 
Attraction Varies — Value of g — Weight — Weight of One Pound — Units of 
Force — A Force of W Pounds — The Foot-Pound — The Pile-Driver — 
Hammers — Power — Units of Power. 

Gravitation. — Newton^s observations led him to conclude 
that every particle of matter in the universe attracts every 
other, and that this was the cause of the motion of the 
heavenly bodies as well as of the apple. This conclusion is 
borne out by the fact that the moon and planets do in reality 
Ihove in paths which correspond to such an attraction. The 
earth attracts the apple and the apple attracts the earth; so 
also the sun, moon, and earth attract one Another, in proportion 
to their masses and inversely to the square of their distances. 

Gravity. — In considering the fall of bodies near the earth, 
the mass of the earth is comparatively g];eat and the distances 
of falling bodies from its surface are small compared with their 
distances from its centre. Hence we can assume without error 
that the earth’s attraction at the same place does not change as 
the body falls. The attraction of the earth is called Gravity. 

The Fall of Bodies. — ^The early philosophers thought that 
small bodies must fall more slowly than larger ones. Galileo 
put this to experimental test by dropping various weights 
from the top of the leaning tower of Pisa. He found that when 
let fall simultaneously they reached the ground almost at the 
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same time, whatever their size. The (^fference observed in the 
case of Tbodies of lighter substance he rightly -judged to be due 


to the resistance of the air. That thi^ is 
the case may be shown by the experiment 
(Fig. 21) usually called the guinea and 
feather experiment. 

A coin and a feather are placed in a 
long tube closed at both ends, and then 
all the air is exhausted. Now, ordinarily, 
if a feather and a coin are let fall together, 
the coin falls quickly, while the feather 
flutters to the ground. But in the tube 
devoid of air both objects fall together, 
showing that the attraction of the earth 
causes an equal acceleration in all bodies, 
and tliat any difference in the rate of fall 
is due to the air. 

Fall Apparatus. — The fall of bodies to 
the earth is so rapid, that >it is difficult to 
observe the time taken and the velocity 
acquired. Professor Barrell has devised 
an apparatus (Fig. 22) for observing the 
time of fall through any given distance. 
Small iron balls are fed by a glass tube 
to the slider A, which, in the position of 
rest, presents in front of the tube a hole 
which exactly holds one ball. 

A current of electricity is sent through 
the circuit of wire and the coils B and 



Fig. 21.— Guinea and feather 
tube. 


0 become magnets; C attracts its core D and raises the 
slider A. When the hole and ball in it reach the spout E, 
the ball rolls out through E and is held by the electro-magnet" 
B. When the circuit is broken the ball is let fall; the 
slider also returns to the position of rest, to pick up another 
ball. The circuit being closed again, the same operatic is 
repeated. The balls fall from B on 4o a plate placed at any 
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Pig. 22. — Barren’s fall apparatus. 


required distance below B ; the impact of the ball on the plate 
raises the far end of the lever, breaks the circuit for a very 
small fraction of a second, and so instantaneously releases the 
next bal’ to fall through the same distance, and at the same time 

works the slider A which feeds another ball on to the electro- 

* 

magnet B. With this apparatus the whole time taken in a 
large number of successive falls can be observed, and thence 
the time of an individual fall, even over a short distance,, 
can be accurately deduced. Let 20 balls in succession be set to 
fall through 9 feet, the time taken is 1 5 seconds in all ; therefore 
the time of fall of each is *75 second. The same operation being 
conducted with a fall of 12 feet, it is found to occupy *86 second ; 
and with 16*1 feet to occupy one second, for each ball. 

The accurate working of the apparatus should be tested by 
recording the* interval occupied by the fall of various numbers 
of balls from time to time during the experiment. 

It was found in the last chapter, that -syth acce\eration a the 
space s described from rest in a time t is given by*5 = ^a^^. The 
distance and time of fall due to gravity are measured by this 
apparatus; the acceleration due to the earth’s attraction can 
therefore be ascertained 
by it. As the distance 
allowed for the fall may 
be moderate, the balls 
need not acquire a high 
velocity, and the resist- 
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ance of the air &oes not then seriously ^ffect the time of fall ; 
thus the* valu6 of the acceleration of gravity is obtained with 
considerable accuracy. 

The Earth's Attraction Varies. — There are two causes which 
alter the attraction of the earth on bodies at different points on 
its surface : (1) The earth is not spherical in shape, and places 
on the equator are farther from the centre than other places ; 
(2) the * centrifugal force ' of bodies due to the earth's rotation 
is greatest at the equator. Both these causes make the earth's 
attraction less strong at the equator than elsewhere, so that the 
acceleration which it causes increases gradually from the equator 
towards the poles. 

Value of g. — The acceleration due to gravity is usually 
called g. 

The following table gives the values of g at various places on 
the earth's surface, the accelerations being given in f.s.s. and 
in C.S.S., for a body falling in vacuo. 




1 Value of g 


Latitude. 

; 

- - - — 



1 in cms. 

in feet. 

Equator 

0°0' 

' 978'10 

32-09 

Latitude 45° 

45° 

■ 980-61 

32-17 

Paris . 

48°50' 

' 980-94 

32-18 

Greenwich . 

51°29' 

981-17 

32-19 

Pole . 

90° 

983-11 

i 

32-21> 


The acceleration of gravity depends on the earth's mass. If 
the body were falling to Jupiter from a point near it, its accelera- 
tion would be about SO g ; if it were falling to the moon from 
a point iiSar to its surface, the acceleration would be iV 9 - 

Weight. — The conclusion to which Galileo's experiments led 
was that, but for the air, all bodies would fall at the same rate, 
or, in other words, that the change of momentum of a falling 
body varies as its inertia. A body falling freely from rest acquires 
a , velocity of g feet per sec. after one sec^ind in consequence of the 
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attraction of the earth. ^ The product of its mass and ISjs velocity 
gives the momentum which has been acquired in a uhiiTbf time. 
This is the measure of 4he force which has been acting upon it, 
which we call the weight of the body. The weight of a body is 
the force with which the earth attracts it, and as this force'varies 
with the inertia of the body it follows that the method of weigh- 
ing, which consists of balancing this force, is a correct mode of 
estimating the mass of the body. 

The weight of one pound at Greenwich is a force which 
produces 32*19 F.P.S. units of acceleration in a mass of one 
pound. Therefore the weight of a pound at Greenwich is 32*19 
poundals. 

The weight of a gramme at Greenwich is a force which pro- 
duces 981 C.G.S. units of acceleration in a mass of one gramme. 
Therefore the weight of one gramme is 981 dynes. 

The attraction which the earth exerts on all bodies provides 
the practical unit of force, which is . most frequently used in 
Great Britain. 

The Weight of one Pound is the force which the earth 
exerts on a mass of one pound. It is the force which imparts to 
a mass of one pound the same acceleration which the attraction 
of the earth communicates. 

The British pound is a unit of mass. The weight of a pound 
is the force of the earth’s attraction on it, and is the practical 
British standard of force. What is called in common parlance a 
‘pound weight’ is really a measure of mass used in shops to 
weigh out ‘ so much ’ of any article, so much stuff or matter, 
whether of sugar or of paper. To whatever part of the world it 
be taken it will always be a ‘ pound weight ’ — so much brass or 
iron, a unit of mass ; but the earth will not exert on it the same 
force at all places. 

At the equator its weight would be a smaller force ; if it 
faljs freely, its weight (the earth’s pull on it there) after one sec. 
cai^ses a change of momentum of 32*09 lb. f.s. instead of 32*19 
at Greenwich. At the poles the earth would attract it more 
strongly (g is larger), and would cause a change of momentum 
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in it of 32*25 lb.* f.s. if falling for one sec. freely in vacuo. The 
mass remains the same, but the number *of units of force in its 
weight differs at different places, if measijred by a scientific unit 
of force, viz. a certain change of momentum in a sec. 

The weight of a pound is a practical unit of force, and should 
never be used in calculations in which the difference in its value 
at Greenwich or at Quito need be taken into consideration. 

The weight of one pound is sometimes called the Gravitational 
Unit of Force ; it has this disadvantage for scientific investiga- 
tions — it is not a constant force, but varies at different places on 
the earth’s surface. 

It was to meet this objection that the absolute British unit of 
force, the poundal^ was introduced by Professor James Thompson ; 
this is a scientific unit of force, which communicates unit momen- 
tum in unit time, and is consequently a constant force. 

The British practical unit has this advantage, that the weight 
of unit mass, one pound, is the unit of force — the weight of one 
pound. This is the unit of force which is used in everyday life, 
and in mechanical and engineering work. 

Units of Force. — To recapitulate : there are three units of 
force : the dyne, the weight of one pound, and the poundal. 
The numerical relation between them is as follows : — 

The weight of a mass of ojie pound at Greenwich^ being ex- 
pressed in the three units of force, — 1 British practical unit, 
the weight of one pound = 32*1 9 poundals = 445,000 dyjies. 

The comparison of forces measured by the different units is 
facilitated by the use of the scales given on p. 103. 

If the weight of bodies appears in scientific investigations, 
the gravitational unit of force can be at once translated into 
scientific units. The weight of a mass of M lbs. is poundals, 
and the weight of a mass of N gr. is dynes. Continental 
engineers frequently use the weight of a kilogramme as a unit 
of force; the weight of a kilogramme is 1000^ dynes, and g 
being nearly 1000 c.s.s., this is practically equivalent to^a 
megadyne. 

A Force of W lbs. — Sooner or late^ in this book, which is 

E 
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intended for the use ^ of practical people, tlfe expression ‘a 
force of W lbs.* must come. It is impossible to expect •engineers 
and practical men to ehange their phraseology, and to speak of 
a pressure of ‘ 15 lbs. -weight on the square inch.* The British 
unit of force is a practical one, and the common expression for 
it is ‘a force of one pound.* 

In text-books on Mechanics it is now customary to speak 
of a ‘force of 15 lbs. - weight,' but in some text-books the 
practice is not continued in the subjects of Heat or Hydro- 
statics. 

It is better to face the matter at once and to impress on the 
reader that ‘ a force of W lbs.* is a common expression for a 
force equal to the weight of a mass, W lbs., and that it is always 
to be looked upon as equivalent to Wg poundals. If the matter 
be understood at the outset there can be no possibility of a 
mistake, and it is better for the expression to be expMned and 
adopted here in explicit terms than for it to be introduced after- 
wards without explanation. 

The expression ‘a force of W lbs.* is a practical one, just 
as the British practical unit of force is a non-scientific unit. It 
is one of those expressions like ‘ Centrifugal Force * which have 
become part of the English language. If the connection between 
mass, acceleration, and force be thoroughly understood there 
need be no danger of misunderstanding in the use of such well 
known ter^s. 

The Foot-Pound. — In the discussion of energy and work in 
the last chapter, the weight of bodies was but shortly referred 
to. TJieir weight is the force against which work has to be 
done when bodies are raised, and which does work when they 
fall. This is what is meant by saying that work* is done against 
gravity when a heavy body is raised, and work is don^ by gravity 
when a body falls. The work done by gravity is measured hy^ 
the product of the weight of the body and the vertical distance 
through which it has fallen ; the amount of work done by or 
against gravity is the same whatever path the body has traversed, 
and whatever other forces have been applied to it 
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As most of 'the work to be done in the world depends on 
gravity and the weight of bodies, energy and work could not 
be practically illustrated before gravitj^ and weight had been 
discussed. The subject can now be resumed as a practical one. 

The Foot-Pound is the British practical unit of work done ; it 
is the work done in lifting a mass of one pound through one foot. 

Since the weight of one pound is g poundals, the foot-pound 

is equal to g foot-poundals, and the foot-poundal = i foot-pounds. 

Supposing that a mass W lbs. (or gr.) be acted upon by its 
weight, being allowed to fall freely, the force, acting on it is Wgi 
poundals (or dynes). 

If the velocity after falling s feet be the kinetic energy is 
foot-poundals (p. 37) 

= foot-pounds. This 

is the •work which the 
weight of W (Wg poundals) 
had done through a dis- 
tance s where v^ = 2gs, and 
it is the work which the 
mass can do ifi consequence 
,of its velocity. 

The Pile Driver. — A 
pile - driving ‘ monkey ' 
affords an illustration of 
the capacity for doing 
work which a body has 
in consequence of its mass 
and velocity. A mass of 
metal is raised to a con- 
^ siderable ^ height, • from 
twelve to twenty ft. (Fig. 

23)*; work is done on it 
against gravity, measured 
by its weight and the height through which it is raised. When 



at the highest point it possesses potential energy,^ measured in 
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the same way. It is then released and falls on the head of a pile 
which is to be driven into a river bed. 

When the metal reaches the head of the pile it has consider- 
able velocity; its mass combined with its velocity enable it to 
do work in overcoming, through a certain distance, the resistance 
offered to the entrance of the pile. 

That the kinetic energy or capacity for doing work is due to 
the mass is clear, because, the greater the mass of metal that 
falls the greater is the movement of the pile. It also depends 
on the velocity, for the greater the height of fall and the greater 
the consequent velocity, the further will the pile be driven into 
the mud. ^ 

Suppose that the mass of metal be 1000 lbs., and that it be 
raised 16 ft, the work done against gravity is 16,000 ft. -lbs. 
When released the block falls 16 ft, acquiring at the end of the 
fall a velocity 32 f.s. (v^ = ; 32^ = 2 x 32 x 16) ; itsp kinetic 

energy is x 1000 x 32^) f t-poundals = ^ ( = 16,000) 

ft-pounds. 

Now let there be a resistance to the entrance of the pile 
equivalent to a fo^:ce of 32,000 lbs., the kinetic energy of the 
moving mass enables it to work against this force by moving 
the pile through a certain distance. The momentum of the pile 
shall be neglected. The force of 32,000 lbs. (32 x 32,000 
poundals) produces in a mass of iOOO lbs. an acceleration 32^ f.s.s. 
Hence the Kiass moving with a velocity 32 f.s. is reduced to rest 
in |ft. 2a5 ; 32^ = 2 x 32^ x The pile moves 6 inches 
through the mud against the force of, 32,000 lbs., and the 
kinetic energy is transformed into 16,000 ft. -pounds of work 
done. 

Hammers. — A very bad mistake is often made in speaking 
of a ham^ner as hitting with a ‘ force of so many tons.’ *lHammers 
were always used for forging until lately, and this mistake 
was continually being made in speaking of them ; it is their 
momentum which measures their blow, while the effect produced 
by the blow, that is, the work done by it, is equal to the 
kinetic energy of the hammer when striking. Hydraulic forging 
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presses kave recently been introduced Vhich literally squeeze 
the metal into shape. They exert a tru^ pressure, and may be 
strictly spoken of as acting with a force of so many tons weight. 

Hydraulic forges or presses — for little distinction can be made 
between them — of 1000 to 6000 tons are becoming quite 
common, while a large forge capable of exerting a pressure of 
10,000 tons has recently been made by an English firm. In 
hydraulic forging a steady and continuous pressure is exerted 
upon the whole ingot as it lies upon the anvil, the maximum 
effect being produced at its core, and so long as the press is in 
action the tool continues to force its way into the red-hot mass 
until its resistance to alteration of form equals the pressure on 
the ram .” — The Times. 

A hammer delivers an impulse, and if the body struck were 
free and^elastic it would seem to move at once with a velocity 
depending on its own mass, and on the mass and velocity of the 
hammer, see Fig. 19. 

But a hammer is more frequently used to overcome a great 
resistance. As an example, if it be required to drive a nail 
into a piece of hard wood, supposing that the wood were rigidly 
fixed and a hydraulic press used to press the nail in, a large but 
definite force would be required. Such a force is not usually 
available, so a hammer is used. 

The hammer, when falling on the head of the nail, has a 
definite kinetic energy which enables it to do work in over- 
coming, through a short distance, the large resistance which the 
wood offers. 

Now if the wood be held in a vice, as shown in Fig. 24, and 
a nail be driven into the part held firmly between the jaws of 
the vice, the blow of the hammer does not appreciably move the 
wood, and the nail overcomes the resistance of the wood through 
a short distance, till the work thus done equals the kinetic 
energy of the hammer. 

But at the end, where the wood can bend when hit, the 
nail is able to move through a considerable distance without 
meeting with so great resistance as the wood offers to its 
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entrance. The kinetic' energy of the hammer does work through 
a longer distance agaipst this smaller resistance without making 
the nail enter the wood at all. 

This is the reason that a carpenter places a heavy mass, 
e,g, a piece of lead, as shown in Fig. 24, behind any flimsy 
work into %vhich he wishes to knock a nail. The momentum 
before and after impact being equal, the comparatively small 
mass of the hammer head imparts a small motion to the large 
mass. 



Fig. 24. —Finn and loose work. 


The kinetic energy of the hammer is expended in doing 
work through a small distance, and therefore ^ith great force, 
which is able to overcome the resistance of the wood to penetra- 
tion. It is thus expended on doing useful work, instead of only 
bending the wood. 

^ If the wood is very hard and rigid, the force ©is exerted 
through such a small distance that it is very great, and the nail 
may beiid or break. ‘Something must go’ is an expression 
used of kinetic energy doing work on a rigid obstacle. 

Etching on glass is done by a sand-blast. The parts not to 
be marked are covered ,with varnish, which yields a little when 
the sand grains impinge on it. Their kinetic energy does work 
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through ^ small distance, and therefore with a moderate force. 
The glass does not yield, so the force exerted is very great and 
causes disruption in the surface of the glass. 

Power. — Power is the rate of doing work, which is an im- 
portant feature in the estimation of how work is done. In the 
comparison of momentum and energy, it was seen that a force 
produces more energy when it acts for a given time on a small 
mass than on a large one, the reason being that the acceleration 
is much greater and the small mass is moved through so much 
greater distance in the time. 

It is evident tliat much more effort is required to exert a 
given force through 500 inches in a second than to exert the 
same force through one inch in a second; this effort* is what is 
called Power, The same force exerts a greater power when 
acting 05 a small mass than when acting on a large mass, both 
being free to move. 

Units of Power. — The Horse-Power is the jate of doing 
33,000 foot-pounds of work per minute. 

The Watt is the rate of doing 10 ^ ergs (called a Joule) of 
work per second. 

Powers measured in the different units* can be compared by 
means of the scales on p. 107. 

Supposing that a boiler can evaporate 33 cub. ft. of steam 
per minute at a pressure of 3000 lbs. on the sq. ft. (about 21 
•lbs. per sq. in.), it is called a 3 H.P. boiler. 

If in a waterfall 3000 lbs. of water fall 33 ft. every minute, 
3 horse-power is running to waste. 
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Force cannot be exerted unless there be some mass on which it 
is exerted ; if force meet with equal and opposite force there 
is no change of motion, and the forces are said to be in equili- 
brium } if it meet with a force equal to part of it the remainder 
of the force causes a change of momentum in the body to which 
it is applied. 

It is iinpossible to exert force except in meeting force opposed 
to it, or in causing change of momentum. Suppose, for example, 
a box arrived from the type-founder ; itdooks lieavyj^ and I stoop 
to lift it, prepared to exert a force of some 50 or 60 lb. on it. 
But some one has, unknown to me, already unpacked it, and as 
I begin to lift it I find that a force of some 2 or 3 Ib^ suffices to 
overcome its weight; I do uq/b exert the 50 or 60 lb. which I 
was beginning to put forth, while the force which I do apply, 
being much too great, causes a rapid acceleration to the box and 
some surprise to myself. 

Such facts as this lead to Newton^s Third Law of Motion. 
Action and reaction are equal and opj^site. 
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If two unequal masses, A of a lbs. and B of 6 lbs. (& being 
less than a) are joined by a smooth and flexible 
;^rd passing over a pulley (Fig. 25), the weight 
of A \a,g poimdals] is met by a force exerted 
by the weight of B [6 . ^ poundals] through the 
string ; {a-h),g poundals is the resultant force, 
which causes an acceleration in (a + b) lbs., the 
combined mass of A and B. • 

The adion of the larger force, a . g poundals, 
is met by an equal and opposite readion^ con- 
sisting of (i.) a force 

poundals, exerted by Fig. 25.— Two unequal 
the weight of B through weights. 

the string, and (ii.) a rate of change of 
momentum caused by (a-b) , g poundals. 
This is the principle of Atwood’s machine. 

Atwood’s machine and Morin’s appara- 
tus are used to calculate the value of g 
and to test experimentally the laws of 
falling bodies. 

In Atwood’s Machine two equal 
masses X are suspended by a fine string 
over a very light pulley, running easily 
on ball bearings (Fig. 26). A small mass 
or ^ rider ^ C is placed on cJne of them, 
and motion follows, with an acceleration 
paused by the weight of the ‘ rider ’ 
acting on the masses in motion. This 
problem has just been discussed and illus- 
trated in Fig. 25, when the acceleration is 

^^x^^.f.s.s. If the diiference between 

a and J, which is the mass of the rider, be small compared 
with* A + B, this acceleration is small, and the velocity attained 
is easily measured. The rider C is placed on the mass X 
by the fall of its support S, detached at a moment regulated 
by the pendulum, and the rider k removed from X by the 


Fig.. 26 .— -Atwood’s machine. 
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support T at a fixed distance below. The interval of time 
taken between the supports is observed, and the velocity of the 
mass at T ascertained by observing the motion after the 
rider is left there. In this way the formulseiof Kinematics 
s = etc.j may be experimentally verified and the 
value of g approximately determined. But the friction of the 
cord and wheels cannot easily be allowed for, and they affect 
these values. 

In Morin’s Apparatus a long cylinder is made to revolve on 
a vertical axis uniformly by clockwork (Fig. 27). It is covered 

with sectional paper; the equal 
horizontal distances represent equal 
times, and the vertical distances the 
space described by a falling body. 
When the cylinder is running uni- 
formly a heavy mass of lead is 
allowed to fall so near to it that a 
pencil carried by the lead draws a 
line on the paper. 

If the cylinder were at rest 
this line would be vertical. If 
the motion of the lead were uni- 
form the line would be a spiral, 
or if the paper were unrolled a 
diagonal straight line. But when 
the weight falls freely the line traced is a parabola. 

Rev. J. B. Lock suggests the adaptation of Atwood’s two 
weights (Fig. 25) to Morin’s vertical moving cylinder, as the 
cylinder cannot be long enough for a free fall of more than one 
second in duration. 

Mutual Attractions are equal and opposite. 

It was remarked at the beginning of the last chapter that 
Newton’s observations le^ him to conclude that all bodies attract 
one another. But the mass of objects on the earth’s surface is 
so insignificant when compared with the mass of the earth that 
the acceleration produced in them by this force of attraction is 



V 


EQUILIBRIUM 


59 


great, wtile the acceleration produced in the mass of the earth 
is insignificant, and cannot be detected. 

The effects of mutual attraction can be seen in the motions 
of the sun, eatth, and moon. Considering first the earth and 
moon alone, the earth’s mass is about eighty times that of the moon, 
while the moon’s distance is about sixty times the earth’s radius. 

Now, if the two balls in Fig. 14 (p. 27) be made in these 
proportions they will illustrate the motion of earth and moon. 
When they are rotated the metal connection between them 
exerts an equal force on both. They rotate about a point which 
divides the line between their centres in the ratio of their 
masses, consequently the rotation takes place about a point inside 
the larger one which represents the earth; this globe would 
wobble, and the moon perform an orbit round it. This experi- 
ment may help to show how the moon can truly be said to per- 
form an orbit round the earth, though it attracts the earth with 
a force equal to the earth’s attraction on it. 

In the same way, considering the earth and moon as one 
mass, attracting and being attracted by the sun, the sun’s mass 
is about 325,000 times that of the earth, while the sun’s 
distance from the earth is about 215 times the sun’s radius. If 
the balls were made to this proportion, the sun would hardly 
be seen to wobble at all, so near to its centre would be the point 
about which rotation takes place. Hence, though the earth 
attracts the sun with a force equal to that with w?iich the sun 
attracts the earth, the earth and moon perform an orbit about 
a point which is nearly the centre of the sun. 

The moon’s attraction on the earth is made evident in the 
movement of the tides ; the water is free to move, and its mass 
is small 4i;ompared to the mass of the moon. 

In every part of nature, action and reaction are equal and 
opposite. 

Vertical Line. — The plumb-line (Fig. 28) is a cord, at the 
end of which is a ball of lead. The direction of the earth’s 
attraction on the lead is towards the centre of the earth, so 
when the IcSad is hanging at rest the' string exerts on it a force 
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equal and opposite in direction to the force of the earth’s attraction 
on the lead. The line drawn through the centre of the earth and 
any point on its surface is called a ‘ vertical line’; as it 
is in this direction that the lead is attracted it is in 
this direction that the string must hang to support it. 
The result is that a plumb-line always gives a vertical 
line, and it is used by the mason and the carpenter 
as a guide in building. 

Equilibrium of Forces. — Equilibrium exists when 
force is opposed by other force exactly equal to it, so 
that no change of momentum is caused. If a heavy 
stone be carried in the hand the muscles are called 
upon to exert a ‘ reaction ’ equal and opposite to the 
‘ action ’ of the weight of the stone. A letter resting 
on a letter weigher presses on and is pressed by the 
letter weigher with equal forces ; two railway buffers 
are pressed ecjually when the screw couplings are 

plumb line, tight. 

In these cases the forces are said to be in equilibrium. 

Statics is that branch of Dynamics which deals with forces 
in equilibrium which are applied to a body at rest. 

i. Equilibrium of Femes AqqMed at a Point and in one Straight 
Line, — In a ‘tug of war’ a rope is pulled by two contending 
parties until a mark in the middle of it is drawn over a line. 
If the parties are evenly matched, it may happen that for some 
minutes the rope does not move at all, although each party be 
doing their best to pull the other over. Any point in the middle 
of the rope is then subjected to two equal forces in opposite 
directions, and the forces at that point are in equilibrium. The 
sum of the forces exerted by the competitors in one direction is 
equal to the sum of those in the opposite direction. If one side 
exert a greater force than the other it must produce momentum 
in the whole mass of rope and competitors. 

Forces applied at a point and in the same straight line are in 
equilibrium so long as the sum of those in one direction is equal 
to the sum o& those in the opposite direction. 
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ii. Of Forces *not in one Straight Line , — On page 33 it was 
observed •that the resultant of two forces ajiplied at a point 
is represented in magnitude and direction by the diagonal 
through the point of the parallelogram, of which adjacent sides 
represent the forces. 

If two horses are attached by chains to a tree stump, and are 
set to pull it out of the ground, their combined force is opposed 
by the resistance of the stump, which exerts a force equal to the 
resultant of their forces, and in the opposite direction. It must 
be observed that the horses cannot pull unless a resistance is 
opposed equal to the resultant of the forces which they exert. 
Until they move the horses 
can only exert force to the 
extent of the resistance of the 
stump, and any force which 
they exert beyond that amount 
will cause the stump to move. 

The resultant of two forces is 
not exerted unless it be met 
by equal and opposite force, 
or produce momentum. 

When three or more forces 
applied at a point are in equili- 
brium, each of them is equal 
and opposite to the resultant 
of the others. 

Parallelogram of Forces. 

The apparatus shown in Fig. 

29 is designed for experi- 
mental illustration of the 
parallelogram of forces. The 
four arms pivot about the 
points A and D, and they can 
be clamped at B and C in Fig. 29.~rarallelogram of forces. 

any position ; cords pass round pulleys running easily on ball 
bearings at B and C, and are fastened to a ring at A. Weights. 
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are suspended from these cords, and it adds to the graphic 
illustration of the principle for them to be made of uniform 
diameter (about 3 inqjies), so that their weight varies as their 
length. 

The system of weights is in equilibrium provided that 
ABCD is a parallelogram, and the weights hanging from A, C, 
and B are equal in lengtli to AD, AC, and AB. 

Triangle of Forces. — The three weights hanging at A, B and 
C are proportional to the three sides of the triangle DA, 
AC, and CD ; they also exert forces in the direction of those 
sides taken in order, that is to say, in the directions D to A, 
A to C, and C to D. Hence experiments with this apparatus 
also illustrate the principle known as The Triangle of 
Forces. 

Three forces applied at a point are in equilibrium when they 
are represented in magnitude and direction by the sides of a 
triangle taken in order. 

Terms applied to Force. — Various terms are applied to 
forces, according to the particular manner in which they tend to 
transform energy. 

Attractim or Bepdsion are forces which two bodies exert on 
one another at a distance. 

The Weight of a body is the force of attraction between it 
and the earth. 

Stressy in the most general sense, is the force mutually exerted 
by two bodies on one another, and in this sense it includes 
attraction and repulsion, whether gravitational, magnetic, or 
electric. In the ordinary sense of the T^ord — 

A Stress tends to change the form or bulk of a body. 

A Strain is a change of form or bulk stresses are named 
according to the nature of the strain which they tend to produce, 
and are measured by the force per unit of area which is 
exerted. 

Compressive Stress is the force per unit of area tending to 
compress. 

Tensile Stress is the force per unit of area tending to elongate. 
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Shearing Streis is the force per unit of area tending to pro- 
duce distortion. 

A Shear is simple distortion, such as# the deformation of a 
circle into an ellipse of the same area, or the sliding of one layer 
over another so as to deform a square into a parallelogram of 
equal area. ♦ 

‘Pressure,’ in the strict sense of the word, is compressive 
stress, and ‘ tension ’ is tensile stress ; but in the more usual sense 
of the words they are forces considered as applied at a point. 
In this sense — 

Pressure is the force which one body exerts on another when 
it is in contact with but not necessarily fastened to it. 

Tension is the force exerted by a string or other connection 
which prevents bodies from separating. 

All forces are measured in terms of units of force, discussed 
on p. 49T 

Couple. — Two equal and opposite parallel forces applied to a 
body are called a couple; they tend to turn it round an axis 
perpendicular to the plane containing them. 

Moment of Couple. — The amount of the tendency which a 
couple has to turn a body round an axis is 'doubled if the 
forces are doubled ; also it is doubled if, the forces remaining the 
same, the ‘ arm ’ or distance between them is doubled. Hence 
the turning tendency, or moment, varies as the product of one 
of the forces into the perpendicular distance betweeij them. 

Couples arc continually exerted in practice, for example, 
by a screw-driver, a watch key, a milled head of a screw, or 
a capstan. The effect of a couple is frequently seen when one 
point of a body is fixed ; a force applied at another point 
causes a parallel, equal and opposite pressure on the point. 
This couple tends to turn the body round an axis throughout 
the point. 

Moment of a Force is the measure of the tendency which 
it has to turn a body round an axis.* 

If the rigid body represented in Fig. 30 be free to move about 
a point A, and a force P be applied to it, A not being in its line 
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of action, a force appears parallel, equal and Opposite to P, and 
acting through A ; this couple has a moment AM P. The 
foment of the force P as tending to turn the 
C ^ — body round A is measured by the product 

\ of the force into the length of the per- 

^ I pendicular AM let fall* from A on the 

I X \ direction of the force. 

N \ Tliis is called the moment of the force 

I P about A, and its measure is AM x P. 

^ J Parallel Forces. — ^Two parallel forces 

applied to a rigid body cannot be in equili- 
brium : but equilibrium may be restored by 

Pig. 30.— Moment of a force. , . i /» . . i 

applying a third force at a point either 
rigidly connected with or part of the body. In the experiment 
shown in Fig. 31 XY is a straight bar, which is suspended at the 
middle point C from a 
support. The bar rests |[|[« 

horizontally and turns I ^ 

freely about C, and I iJ 

should be supported by I 

a spring-balance or by a I Y 

cord passing over awheel A I W ® 

and weighted. The 

weights of bodies placed A I M 

at A and B are parallel I 0 

forces, and the bar is a I 

rigid connection between 
their points of applica- 

tion. A third force is ' . - 

applied at C; the first 
condition of equilibrium 

. Fig. 31.— Parallel forces. 

1 C that this must be equal 

a\id opposite to the other two forces. Also when the bar is in 

S ilibrium, the moment of any two of them tending to turn the 
round a point must be balanced by the moment of the third 
force about that point. If the force P applied at A be the 


Fig. 31.— Parallel forces. 



V 


EQUILIBRIUM 


65 


weight of 3 lbs. and Q at B of 6 lbs., the^reading of the balance 
is 9 lbs., the weight of the bar being first allowed for. The 
distance^ of the points A and B from C depend on the magni- 
tude of P and Q ; P tends to turn the bar round C in a direction 
opposite to the hands of a clock, with a moment measured by 
P X CA, Q tends to turn the bar with the clock hands, with a 
moment Q x CB : these moments must be equal if the bar is in 
equilibrium, P x CA must equal Q x CB, P and Q being 3 and 
6 lbs., let CB be 5^ in., then CA is 11 in., 3xll = 33 = 6x 5J. 

In the same way the moments of the forces about any other 
point must be equal ; about A for example. The force applied 
at C (P + Q or 9 lbs.) tends to turn the rod anticlockways about A ; 
the moment of Q. 6 lbs., is clockways. As the rod is in equili- 
brium, the moment of these forces about A must be equal and 
opposite, which the experiment shows to be true, 

For P + QxCA = 9xll=99=6x 16J = QxAB. 

Levers. — A Lever is a rigid rod which is free to turn about 
some fixed point in it. The fixed point about which a lever is 
free to turn is called the fulcrum. 

In the experiments made on parallel forces with the apparatus 
(Fig. 31) the principle of the lever is illustrated. The rod 
is a lever ; the forces applied to any lever when in equilibrium 
and their points of application are connected as shown in those 
experiments. 

The forces at the ends must be in the same direction, the 
force in the middle in tl\p opposite direction and equal to their 
sum. To ensure equilibrium in the lever, the moments of the 
forces which tend to turn it about any point in one direction 
must be equal to those tending to turn it in the opposite 
direction. * 

The simplest form of a lever in equilibrium is the common 
balance, in which the two arms are equal and they are horizontal 
when the weights in the scale pans are equal. 

The common balance is arranged with different proportions 
to effect different purposes. 

F 
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A Shop Balance foi» weighing goods for sale should be made as 
Fig. 32, with the weight of the beam below the point of suspension, 
io that it will soon come to rest horizontally when the weights 
in the two arms are equal. This is called a * stable* form of 
balance. I 

A Chemical Balance, long arm (Fig. 33), is used in measure- 
ments of great delicacy. It should detect a very small differ- 
ence of the weights in the two arms; this form is called 
‘ sensitive* 

The friction at the point of suspension must be very small ; 



Shop balance. Ohemical balance (long ann). Chemical balance (short arm). 


it is usually a steel knife-edge. The weight of the beam is 
not much below the point of suspension. Tht:- arms are long, 
so that a small difference of the weights in the two scales may 
give a perceptible moment about the fi> '^d point. \ 

A Chemical Balance, short arm (Fig. 3^ ). — Bunge of Hamburg 
has introduced chemical balances of short bean^ but highly 
sensitive. The advantage of this plan is that the^'^i’^e of 
oscillation is much less, and the weighing can be done more 
quickly. The long vertical index shows when the beam swings 
evenly about the horizontal without waiting for rest. 

Another kind of balance, the steelyard, has not equal arms, 
and the forces at the ends are not equal This is much used by 
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butchers jn two forms: (i.) the Comntbn or Romm Steelyard 
(Fig. 35). In this a heavy ball is movec^on the long arm of a 
lever until its weight at B is in equilibrium with the weight of 
the meat suspended on the short arm at A, and the lever is 
horizontal. The lever is so arranged that it rests horizontally 
without any weights. 

(ii.) The Danish Steelyard (Fig. 36). — Here the fulcrum C is 
moved until the weighted end of the steelyard A and the 
weight of the joint at B are in equilibrium and the lever is 
horizontal. 


B 

$ 


Fig. 35.— Homan stfielyard. Fig. 36.— Danish steelyard. 

In both steelyards the position of the graduations depends on 
the weights of the iron lever and the movable masses. 

Balances afford examples of parallel forces in equilibrium ; 
and of levers as treated in statics. But in practice levers are 
usually employed to do work, and their further consideration is 
deferred to the next chapter. 

Centre of Gravity. — The earth attracts every particle of a 
body, exerting a number of parallel’ forces, whose sum is the 
weight of tlie body. The centre of these parallel forces, through 
which the forces act, however the body be turned about, is 
called the ‘centre of gravity' of the body. The simplest 
caseds that of a sphere ; it is obvious that the mass of a ball is 
so evenly disposed about the centre that the ball would be in 
equilibrium if a force vertically upward and equal to its weight 
were applied at its centre. This is equally true of ihit point in 
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every body about wbich the mass is evenly disposed. Let a 
flat board (Fig. 37)( be suspended from a ^oint a, a plumb- 
line being also suspended from the same point ; if the vertical 
line ah thus given be traced on the board the mass must be 
evenly disposed about this line, or the board would sink on that 
side to which the moment of its weight inclined it. Similarly, 
if the board and plumb-line be suspended from another point c, 
and the vertical line cd be also traced on the board, the mass of 
the board must be evenly distributed about this line also. 

It follows that where these lines intersect there must be in 
the middle of the thickness of the board a point G about which 




Fig. 37.— C.G. of flat board. 

the moment of the. weight is evenly balanced ; this point is called 
the Centre of Gramty or Centre of Mass. 

The centre of gravity may actually be out of the body itself ; 
for example, in the case of a ring like a curtain ring, the centre 
of gravity is evidently in the centre, which is not in the substance ^ 
of the ring. 

In all cases where it is possible to suspend the body at the 
centre of gravity the body will rest in any position when so 
supported, for the mass of the body being evenly distributed 
about this point its weight will not have a tendency to turn 
the body in one direction more than in another. Also^ if 
a body be suspended on an axis which passes through the 
centre of gravity it will rest in any position in which it is 
placed, 



V 


EQUILIBRIUM 


Equilibrium of Position. — A body rests in equilibrium when 
its centre of gravity is supported by a connection with a fixed 
point in the vertical line 
through the c.g. If a ball 
hang by a string it is in 
equilibrium, and also if 
a stick be balanced on 
the hand (Fig. 38) it is 
in equilibrium. 

There is evidently 
a great difierence be- 
tween these two cases. 

In both the centre of 
gravity is supported, but 
in the latter the least 
movement* will cause the 
stick to tumble over, while 
in the former if the ball be displaced it will tend to return to 
its former position. The ball on the string is said to be in 
staUe equilibrium ; the stick on the hand in unstable equilibrium. 

A ball and a roller are said to be in neutral equilibrium on a 
horizontal plane, for neither have a tendency to return to the 
former position when displaced, as is the case in stable equilibrium 
exemplified in the ball and string. 

Stable equilibrium is ensured when the centre of gravity of a 
body is either under the point of support, or when a vertical line 
from the centre of gravity passes between the outside limits of 
the base on which the body rests. In these cases the centre of 
gravity rises when the body is displaced ; in unstable equilibrium 
the centre of gravity falls when the body is moved ; in neutral 
equilibrium* the centre of gravity remains at the same height. 
An egg affords an example of each of the three forms of equili- 
brium — -neutral when on its side and rolled, stable when on its 
side and rocked, unstable when balanced on its end. 

An experimental illustration of this can be shown with 
blocks of wood (Fig.*39). The first has its centre o^gravity at 



Pig. 38.— Unstable equilibrium. 
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A, and is in stable equilibrium ; the second, with its centre of 
gravity at B, is attached to A, and the centre of gravity of the 
two combined is at C, the vertical line drawn through C falls 
on the edge of the base, so that the whole is in unstable equili- 
brium; if the blocks be at all disturbed they will fall. If 
another block be placed on the top having its centre of gravity 
at D, it brings the centre of gravity of the whole system to B; 
then the vertical line through the centre of gravity falls outside 
the base of support, and the system will not stand. If, how- 
ever, a block of lead be added at X so as to bring the centre of 



gravity of the whole to a point Y between X and B, which is 
over the base of support, the whole system will stand in stable 
equilibrium, though it looks so top-heavy. 

The leaning tower of Pisa is often instanced as a case of 
stable equilibrium. It is a beautiful piece of architecture, but 
the mind is rather concerned with the 9,ohesion of materials and 
the unnatural appearance of a leaning tower than with the ques- 
tion of its being top-heavy. In fact, if the materials are suffi- 
ciently strong, there is no reason why a really top-heavy tower 
should not be built, so long as the cement and stone will cling 
together and hold it down to the foundation. 

Friction is the force which is called into action when any 
force tends to move a rough body over a rough surface. When 
one body rests on another each exerts an eq^ual pressure on the 
other, normal to their surfaces. So long as the weight of the 
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body or any force* applied to it is in the (Jirection of the normal 
neither ha% any tendency to move over the other, and there is 
no friction. But when any force is applied to the body in 
another direction the component of the force parallel to the sur- 
, face tends to make one body move over the other ; friction is then 
called into action — a force equal and opposite to this component, 
and equilibrium is maintained. 

But there is a limit to this force called Limiting Friction, which 
is the greatest friction possible for that pressure between those 
surfaces. It is called into action just before motion takes place. 

For example, a mass of 20 lbs. rests on a plane inclined to 
the horizontal at an angle of SO'" (Fig. 40) ; if the plane were 
smooth the body would 
slide down, but friction 
supplies a force along the 
plane which maintains 
equilibrium. In the dia- 
gram the sides of the tri- 
angle of forces ABC repre- 40.-Eaniiibriuiii .ine to frictioTi. 

sent in magnitude and direction the forces which are applied to the 
body, and are in equilibrium, viz. the weight, the .pressure of the 
plane, and the friction, represented by AB, CA, and BC. In the 
present example BO is half of AB; the friction is a force of 10 lbs. 

It is assumed here that the substances are such that the 
weight will not slide down the plane when it is inclined to the 
horizon at 30°, but the greatest inclination of a plane on which 
a body will rest depends on the materials of the body and the 
plane. For every pair of substances there is an angle, which is 
the greatest at which a plane of one* substance can be inclined 
to the horizontal, so that a body of the other substance will not 
slide down it. This is called the Angle of Friction ; the ratio of 
the friction to the pressure, Le, BC/CA, is called the Coefficient of 
Friction, It is the tangent of the angle of friction. 

To calculate the Angle of Friction for various substances. A 
plane is provided whose inclination to the horizon can be varied 
gradually, and plates of different substances to cover Jji (Fig. 41). 
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A wei^ted box rests on the plane, plates of different substances 
being fastened to its lower surface. The plane is dowly in- 
clined, and its incfi&ation to the horizontal, when the box 
begins to move, is noted ; this is the angle of friction for the 
pair of substances under observation. The experiment i§ re- 
peated several times for each pair, and the mean is taken. 



The following table contains the results obtained in experi- 
ments on different substances : — 


Coefficients of Limiting or Statical Friction (Morin). 


Substaiiceii. 

Angle of 
Friction, </>. 

Coefficient 
fi or tan 

Oak on oak .... 

3r-o0' 

•62 

Elm on oak .... 


•09 

Cast-iron on oak - . 

33" -0' 

•66 

Leather on wood . 

25“ '30' 

•47 

Leather on cast-iron 


‘iA 

Wrought-iron on cast-iron 


•19 

Cast-iron on cast-iron 

9“'6' 

•18 

Brick on stone 

33“'50' 

*67 
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It is understood £hat the substances are planed and smoothed as 
much as jpossible. 

Laws of Friction. — Experiments wiiTi the apparatus just 
described illustrate the following laws of limiting friction : — 

f The angle of friction remains the ^me for all weights so 
long as the natures of the surfaces remain the same. 

ii. The angle of friction remains the same whatever the size 
or shape of the surfaces. 

When once the box has begun to move it descends the plane 
with increasing velocit}^ 

The friction of the surfaces just before moving is in equili- 
brium with the component of the "weight along the plane. 
When the body has begun to move the component of the weight 
causes acceleration, showing that the moving friction is no longer 
equal to it, but less than the limiting friction. 

As this chapter treats of equilibrium, and mainly deals with 
statics, ie, with bodies at rest, the discussion of moving friction 
must be deferred to the next chapter. 

The coefficients of statical friction are of great importance 
in many instances. Leather belting is used to drive machinery 
by its limiting friction on metal or wooden pulleys ; belting 
should not shift on the pulleys. 

The driving wheels of locomotives w'hen running should not 
slip on the rails. There is a weight of 1 6 tons on the driving 
wheels of a G. N. E. express engine. Taking the coefficient at 
*16, the greatest force of traction the engine can exert is 2*56 tons. 

Our being able to walk depends on the friction between 
the shoe and the pavement being less than limiting friction. A 
comparison of the coefficients will show why leather is used and 
why shoes with nails in them are dangerous on cast-iron foot- 
plates. On reflection it will be seen that we are continually 
relying on statical friction in ordinary life. 

Equilibrium and Motion. — ^A body may be in equilibrium 
though it be not at rest. When a locomotive is drawing a 
train with uniform speed, its drawbar is in equilibrium; the 
tractive force of the engine is equal to the resisting forces in the 
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train. A steamer moving with uniform speed in smooth water 
is in equilibrium, the enormous force exerted on it by Ihe screw 
shaft meets with equal and opposite force in the resistance of 
the water. 

Steady Motion. — if forces applied to a body in motion are 
not in equilibrium, their resultant imparts acceleration. In a 
large number of cases, this acceleration is alternately positive and 
negative, and an exchange continually takes place between the 
potential and kinetic- energies, as was seen in the motion of a 
pendulum (p. 41); this is called Oscillation. 

In other cases the velocity is such that the acceleration 
carries the body round in a curve called an OrhiL Such motions 
are stable and have the element of permanence ; and motion in 
an orbit or in oscillation is called Steady Motion. 

Laws of Pendulums. — A ball suspended by a string repre- 
sents ‘ a simple pendulum.^ When at rest it hangs vertically ; 
when displaced it oscillates, and if there were no friction would 
continue to swing. The pendulum is in steady motion. 

i. Length , — If three pendulums (A, B, and C, Fig. 42) be 

arranged so that while 
A swings once, B 
swings twice and C 
three times, their 
lengths are found to 
be as the numbers 1,4, 
and 9. The time of a 
complete swing ^ pro- 
portional to the square 
root of the length. 

ii. Value of g. — 
The same pendulum 
on a larger planet would swing more quickly, for the ball 
would be more powerfully attracted. The time of the swing is 
less when the attractive force is greater, and so the time of the 
oscillation of the same pendulum may be used to determine the 
value of ^ at different places. 
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These two facts are combined in the» expression ^ = 27r 1 

where t sec. is the "time of a complete swiijg of a pendulum I ft. 
or cm. in length. 

iii. Pendulum as Standard Length — As the time of oscillation 
depends on the length of the pendulum and on the value of g^ 
it follows that a pendulum swinging in unit time, at a certain 
place, gives a standard of length. An Act of Parliament 5 Geo. 
IV. defines the yard to contain 36 such parts, of which there are 
39*1393 in the length of a pendulum vibrating seconds in vacuo 
in the latitude of London. When the standard measures were 


destroyed by fire in 1834 this method of ascertaining the 
standard was not found to be sufficiently accurate, and the yard 
is now defined by the length of a bronze bar (see p. 6). 

iv. Isochronism, — Galileo’s attention was attracted by the 
motion of a swinging lamp in the Cathedral of Pisa. He 
noticed the even time of its oscillations, and concluded that 
however long or short the path of a pendulum the time of its 
swing is the same. This conclusion is correct if the arc described 
be small. 


In Fig. 42 the pendulums are shown supported by two 


strings. This makes them swing in one 
plane ; but ‘ the length of the pendulum ’ 
is the radius of the swing, not the length 
of the strings. 

Conical Pendulum. — If a simple pen- 
dulum be displaced to A (Fig. 43), and 
then be projected perpdhdicularly to the 
plane CAA ; the ball will describe a hori- 
zontal circle AA^A, and the string will 
describe a cone. 

This is another form of steady motion, 
and the motion of the ball resembles that 
of the heavenly bodies in their orbits. 



Fig. 43.— Conical pendulum. 


Bodies acted upon by forces from a distance are in equili- 
brium when they oscillate about a position of equilibrium. 
The heavenly bodies do not perform their orbits in regular 
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curves, but every part 9f their motion oscillates about the mean 
value. 

Gyroscope. — Foucault’s experiments with the Gyroscope 

(Fig. 44) afford* examples 
of steady motion. 

This instrument con- 
sists of a wheel A, with a 
heavy rim like a top, 
which turns very freely on 
its axis, and has its centre 
of gravity exactly jn the 
middle of a ring. This 
ring is free to move in 
any way, being on the 
i, pivots B, B, and the fork 
: which supports B, B turn- 
ing freely on a pin at C. 
The wheel A is in neutral 
Fig. 44.-Gyro8cope. equilibrium in all positions. 

1. If the wheel be at rest and the base be turned slowly 
about in any way, the ring and wheel are turned also. But 
if the wheel be rapidly spun round by means of a cord 
wound round it, the axis maintains its direction in space, 
and is not diverted by movements of the base. Suppose that 
the axis be pointed towards the sun or a star, it will continue 
to point ill that direction ‘ as if it had a will of its own,’ how- 
ever the base may be turned about. 

This shows that the direction of the axis of rotation of a 
rapidly revolving body is a state of rest or uniform motion which 
is only altered b/ force, 

2. If the wheel be swiftly rotated and the ring £, B be de- 
lached and suspended horizontally by a string fastened to it at 
D, the ring does not fall but remains horizontal, and slowly 
revolves round the string as an axis. 

3. If the wheel when spinning rapidly be detached from the 
ring B, B, ^and allowed to spin with one end supported, the 
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axis performs a gyration round the vertical through the support 
after the manner of a top. 

The earth^s axis has a motion like this which causes the 
precessio^^ of the equinoxes ; the axis makes one complete gyra- 
tion in 25,868 years. 

Both of these last experiments exhibit steady motion, and 
the same explanation applies to both. The disc with a heavy 
ring is in rapid motion about the axis 
OD in the direction of the arrow a (Fig. 

45). Now if the disc were at rest and 
suspended at D its weight would cause 
it to fall, that is to turn about an axis 
OB ai^ the arrow 6. 

This slow motion Z>, combined with pig. 40.— Gyration, two rota- 
part of, the rapid motion a, causes a - tions combined. 

slow motion about an axis OC as c. This is the gyration 
observed. 

4. That this is the explanation is cleverly shown by Foucault 
in another experiment. The gyroscope being suspended, as 
shown in the engraving (Fig. 44), on its gimbals in perfect 
equilibrium, it is rotated rapidly in the direction of clock-hands 
as a (Fig. 45). If a small weight be hung on to the end of the 
axis opposite to D nearest to the spectator, tending to cause the 
motion described by &, the whole will perform a slow gyration 
in the direction c. But if the weight be hung cfi to it at D, 
this gyration will be reversed, since the weight so hung would 
cause the wheel to incline in the opposite direction to d if it were 
at rest. 

Permanence of the Axis of Rotation. — The observations 
made with the gyroscope have shown that not only does the 
motion of a uniform body about its axis continue uniform, but 
the direction of its axis remains the same unless it be altered by 
force. 

This must be considered as part of the first law of motion, as 
described in Chap. I. 

Kate of motion about an axis as well as the direction of the 




78 


MECHANICS 


CHAP. V 


axis must be considered in the description of * the state of rest 
or motion/ Momentum, whether linear or angular, remains 
unaltered except by f(n*ce. 

A very large and well-constructed gyroscope can l)e used to 
show the diurnal motion *of the earth ; the axis continues to 
point to a star or the sun, so that it changes its direction with 
reference to surrounding objects, which revolve with the earth. 

' If a heavy pendulum with a long string be set in motion 
with great care, so as to oscillate in the plane through the point 
of support and a celestial object, the pendulum will continue to 
oscillate in a plane passing through that object, and wilL there- 
fore alter its line of oscillation relative to the earth. Both 
these experiments are due to Foucault. 

In the latter case it is the permanence of direction of linear 
momentum, in the former that of angular momentum which is 
utilised to show the earth’s diurnal motion. 

These experiments show that momentum is permanent in 
direction, and does not change with terrestrial surroundings. 
The question is often discussed whether this direction is absolute, 
or with reference to what objects it is fixed. 

As a matter of experiment the utmost that can be shown is 
that the direction of a motion or of an axis of rotation points 
for a short time towards a star, but the experiments show that 
the more interferences to free motion are removed the more 
permanent ds the direction of momentum. Hence they would 
seem to show that, if a body could be isolated from all forces, 
its momentum would be absolutely unchanged. 



CHAPTER VI 
Machines 

Machines — Efficiency of a Machine — Perfect Machine — Mechanical Advantage 
— Levers — Wheel and Axle — Differential AVheel and Axle — Inclined 
Plane — Wedge — Screw — Pulleys— Moving Friction— Rolling Friction, 

Machines* are contrivances by means of which a force applied 
at one point is exerted at another in changed conditions of^ 
magnitude, direction, or distance. 

There are certain limitations to the capacity of living animals 
to do work. Work is the exertion of a force through a distance 
in its own direction. Noav a man or a horse can only exert a 
moderate force, but can exert it continuously for some time or 
through some considerable distance. A machine may be used to 
convert work done by an agent exerting a small force through a 
long distance into work done by the machine through a small 
distance but with great force. Suppose, for example, that a block 
of stone of some tons i| to be lifted, while a man unaided can- 
not exert a force of more than 100 lb. If the stone weigh 
10,000 lb. and has to be raised 1 ft., 10,000 ft.db. of work are 
required; now the man can exert a force of 100 lb. through 
100 ft., bul could not exert 10,000 lb. through ever so short a 
distance, so he uses a machine to convert work done by his small 
force through a great distance into a large force exerted through 
a short distance. 

On the other hand, it may be that it is requisite to exert 
a small force only, but to exert it rapidly through a lo^ig distance, 
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while it is mare conveeiient for an anim^ or a steam-engine to 
exert a larger force through a less distance. In a spinning 
wheel the bobbin riuis round at a more rapid pace than any 
human arm could turn it, but with a small force, and this is 
effected by a machine. 

No work is gained by using a machine. In fact work is 
‘ lost ’ ; there is friction between the parts, and so useless work 
is done ; cords are stiff, the air resists motion, and in many ways 
the efficiency of a machine is impaired by the resistance of its parts. 

The efficiency of a machine is the ratio of work done by 
the machine to the work done on the machine. 

For the elementary study of machines it isp*! necessary to 
imagine a perfect machine, in which wheels and surfaces are 
perfectly smooth, cords perfectly flexible, and the air does not 
impede motion. The efficiency of a perfect machine is unity ; 
the work done on the machine is equal to the work done hy the 
machine, and this is called the Principle of Work, stated thus : 
— If a force P be applied to a machine through a small distance r, 
and the machine exert a force Q through a small distance s, then, 
in a perfect machine, P x r = Q x 5. 

Various’ simple machines will now be described as illustrations 
of the Principle of Work, 

Mechanical advantage is the ratio of the force exerted by 
the machine to the force applied to the machine. If the force 
exerted bjrthe machine is greater than the force applied to the 
machine, it is exerted through a smaller distance ; and vice versd^ 
if the mechanical advantage is less than nnity the force is exerted 
by the machine through a longer distance. This is^ expressed 
by saying that ‘ what is gained in force is lost in distance/ 

Levers. — ^Levers have been already referred to in order to 
explain the equilibrium of parallel forces. They wilf be shortly 
referred to again as examples of machines for doing •^otk in a 
way more convenient to the agent The lever is the simplest 
form of machine, and as the principle of the lever in equilibrium 
has been studied already it can be used to prove the prirtcxple of 
wm% ie, that the work done on the machine is equal {o the 
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work done by the machine. Suppose that a lever AB is in 
equilibrium under the three forces P, Q, ^nd P + Q (Fig. 46). 
Let the smaller force P 
be exerted by the agent, 

and move the end A ^ 

through a small distance v 

r, the fulcrum being at P^-«-d. 

C ; then the force Q will be exerted by the lever through the 
small distance 5 through which B moves, and the lever thus 
does work Q x .9. 

In the last chapter it was shown experimentally that P x AC 
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equal to Q x s, the work done hy the lever (}he Principle oj 
Work), ^ 

P is here less than Q, so that it has to be exerted through 
a greater distance than Q is moved. 

In other cases P may be greater than Q, requiring to be 
moved through a shorter distance. 

An example of this is seen in scissors, which are sometimes 
used to cut stiff material, the cutting being done ne^ the joint, 
and also to cut light stuff rapidly, when long scissors can be used. 
Levers which have the fulcrum somewhere between the forces 
are seen in a crowbar such as is used for lifting heavy weights 
(Fig. 47), the treadle of a sewing-machine, an air-pump rocking 
lever, or the beam of a low-pressure engine. 



Fig. 48. — Oar as lever. 

But it often happens that the fulcrum is at the end of the 
lever, as in a pair of nut-crackers or an oar (Fig. 48). The 
sculler is exerting the force at A while work is done at the 
rowlock C ; the blade is supposed to be fixed in the wa^er. In the 
human forearm (Fig. 49) the force is exerted by the muscle at 
C, and the lever does the work at A in lifting the weight. In 
both of these cases forces are applied either at the end or in the 
middle, the fulcrum being at the end. In the former the 
sculler applies a less force with his hand than the oar exerts on 
the rowlock. In the latter case when the weight is lifted the 
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muscle has .to move through a shorter dislance than the weight 
is moved. It is clearly an advantage for# the hand to move 
very rapidly through a considerable distance, while the muscle 



Fig.’ 49. — Elbow-joint as lever. 


contracts with enormous force through a very short space; the 
mechanical advantage in this instance is less than unity, but 
the convenience of the agent is attained in the short play of the 
muscle. 

The Wheel and Axle consists of a larger and a smaller wheel 
fastened together or keyed on the same axle ; it is the simplest 
application of the principle of the lever. A 
force P is applied at a point A on the cir- 
cumference of the larger wheel (Fig. 50), and 
moves it through a small distance r, which 
need not be shown in the figure. The 
weight Q is moved through a small distance 
s at B, on the smaller wheel. The work 
done by the agent P x is equal to the work 
done by the machine Q x s {Principle of 
IForh) and P X AC = Q X BC. 

The mechanical advantage Q/P depends on the ratio of the 
radii of the two wheels AC/BC. In the wheel and axle this 
has a practical limit, for the axle cannot be made too small nor 
too weak, nor the wheel too large and cumbrous. Some of the 
water-wheels used in mining operations have a radius of 35 ft, 
which gives a large advantage to a small flow of water. ^ 

A capstan rigged with capstan-bars is ^a wheel and ajde,’ with 



Fig, 50. —Wheel and axle. 
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the advantage that forces are applied by the men ^at different 
points on the circumference of the wheel. Supposing, for example, 
that an anchor weighing 10,000 lbs. is to be raised by a capstan 
whose barrel has a radius of 3 ft., and is rigged with twelve 
capstan bars. Three men work on each bar at an average radius 
of 12 ft. (mechanical advantage 4), thirty-six men must each 

exert a force lbs., which the mechanical advantage of the 

machine as a wheel and axle multiplies by 4. Each must put 
on pressure, ie, apply a force a little less than 70 lbs. 

Mechanical advantage may be gained by using a train of 
toothed wheels (Fig. 51). The wheel C and the pinion B on' 



Pig. 51.— Train of wheels. 


the same axis is a ‘ wheel and axle.’ * The wheels A and C have 
24 teeth and the pinions B and D have 11 teeth ; the advantage 
of the system A and B is 11/24 and of C and D also 11/24 ; the 
mechanical advantage of the whole system is the product of the 
mechanical advantage of each pair. 

The Differential Wheel and Axle has an endless rope passing 
round both wheel and axle and also through a pulley attached 
to the weight. This is much used nowadays in engineering 
and otlysr shops in the form of a Differential Pulley^ shown 
under a ship’s stern in Fig. 52. Of the two wheels of the 
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upper pulley, the nearer the larger, AC# of the outline sketch 
(Fig. 53). * ^ 

When a* force P does work at C 
through a small distance r, a length r 
of the chain is taken on to the upper 
pulley at D, and a length AB/AC x r 
comes off the pulley at B. The rope 
DWB is shortened by the difference 
between r and AB/AC x r, i.e, by 
BC/AC X r. The lower pulley is 
raised by |BC/AC x ?•, The work done 
on the weight is W x |BC/AC x r, and 
the work done on the pulley is P x r. 
As these are equal, the mechanical 
advantage W/P is 2AC/BC. 

D 


Fig. 62. — Differential pulley. * Fig. 58. — Outline sketch. 

By making the difference between the pulleys small an 
enormous advantage is gained, and very heavy weights may be 
lifted by one man. 

The Inclined Plane or wedge is a machine for gaining 
mechanical advantage by means of two surfaces inclined to 
one another. The case of a body at rest on a rough inclined 
plane has been studied above (p. 71). 

If an inclined plane be used as a machine it can be studied 
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by the Principle of JFa^k ; in this case^the perfect machine being 
first considered, the plane is smooth. 

A heavy ball is moved a small distance up a smooth plane in 
opposition to gravity by a force along the plane (Fig. 54). Let 

the force P exerted along 
the plane move the ball 
through a small distance r 
represented by AC, the 
work done on the body is 
P X r, at the same time 
Pig. 54.-ii.ciined piaw. the weight of the ball W 

has been raised through 
the vertical height s represented by BC. Then the work done 
on the machine P x r is equal to the work done by the machine 
W X 5 . The mechanical advantage gained by the inclined plane 
is W/P, which is given by the fraction AC/BC. 

The Wedge is an inclined plane which is moved by force 
applied to it so as to do work in enlarging an opening or in 
lifting a weight. 

Let the wedge DGr be inserted under a heavy body (Fig. 55), 
and a force P be applied 
horizontally at D. Let 
the force P do work by 
moving the wedge a small 
distance • r, represented 
by AB, and lifting the 
weight W a small dis- 
tance s, represented by 
BC. The work done**on 
the wedge P x r is equal to the work done by the wedge 
W X a. The mechanical advantage W/P is given by r/s or 
AB/BC. 

The Screw. — If a piece of paper be cut ifi the shape of a 
wedge of small angle and be wrapped round a cylinder it ^11 
form a spiral curve on the cylinder, which is called ^a screw * 
(Fig. 56).r The pitch of a screw thread is the distance in the 
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direction of the axis between two coj^secutive turns of the 
thread. 

When the screw is turned round in a 'corresponding thread, 
it acts in exactly the same way as a wedge whose angle is that 
of the wedge-shaped paper with which it was traced. The 
work done by the force P in 
raising the weight W through 
a small space by means of a 
screw may be examined by 
considering, as in Fig. 56, the 
form of the wedge of paper 
unwrapped from the portion 
of the screw used. Here the 
force P has been applied to 
the screw at its circumference, 
and moved it through a dis- 
tance r represented by AB. The portion of the screw thread 
AC has been used, and has lifted the weight through a vertical 
distance 5 represented by BC. The work done on the screw 
P X ?• is equal to the work done on the weight W x s» The 
mechanical advantage W/P is r/s = AB/BC. 

Supposing AB to be the circumference of the cylinder, AC 
is one whole turn of the thread, and BC is the pitch of the 
screw, so that the ratio of the circumference of the screw to the 
pitch gives the mechanical advantage. 

An ordinary 1-inch bolt with a "Whitworth thread has eight 
threads to every inch,, so that its pitch is ^-inch and circum- 
ference is TT- or ^ly^-inch. The mechanical advantage is Stt, 
ie, about 25. 

The force P is applied at the surface of the cylinder and on 
the screw ^thread, but it must not be forgotten that a screw is 
usually operated by a force applied, as in a wheel and axle, by 
the handle of a screw-driver or spanner, so that an additional 
mechanical advantage is gained. 

A screw A actuates a wheel B whose teeth fit its threads. 
A combination of the screw and wheel and axle is tjius formed 
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called a Worm and worm-wheel^ Fig. 57, A great mechanical 
advantage is gained by this machine, the motion of the wheel 
being slow compared Vith that of the worm. 

In a musical box the fan has a screw of large pitch on its 
axis, as A ; the wheel B makes the screw rotate rapidly though 
B moves slowly, and so regulates the slow motion of the 
barrel. The mechanical advantage is small, but rapid motion is 
attained. 



Fig. 67. — Wonii and worii*. wheel. 


In the screw of a steam -vessel the wide blades look like 
inclined planes, and it is easier to see fhat the j^rinciple is that 
of the inclined plane. In the earlier steamers a screw with 
several turns was used, but parts having been accidentally broken 
off greater speed was found to be attained when the area was 
small compared with the pitch. 

Pulleys. — When a smooth flexible cord passes round a wheel 
it transmits tension in a changed direction. If work be done 
on the rope by P in pulling it a short distance r, the force W 
exerted by the rope must do equal work, but as the rope 
moves a distance r through its whole length, the work done 
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by the rope is W x r. Hence in a perfect fixed pulley, P is 
equal to tV' (Fig. 58). This arrangement is called a a Single 
Whip; its mechanical advantage W/P is 
unity. 

If one end of the cord be fixed, and the 
rope be rove through a block fastened to 
the weight to be lifted or to some point 
where work is to be done, the block is 
called a Runner (Fig. 59). 

If the weight W be lifted through a 
small space s, the work done by the pulley 
is W X s. But for every small sj^ace s 
which the movable pulley rises, the cord 
moves s at each side, that is 2s in all. 

The work done on the machine is there- 
fore P X 2s, and the work done by the 
machine W x s. These being equal by the Principle of JFork, the 
mechanical advantage W/P is 2. 

When two systems of blocks are combined, the product of 
the purchase, that is the mechanical advantage of each separately, 
gives the purchase of the whole. 

A Runner and Tackle is a combination of two runners. When 
the lower block (Fig. 60), and with it the weight, is raised 
through a small distance s, work is done by the machine equal 
fcjg W X 5. Since the cord attached to the upper block and pass- 
ing round the lower is fastened, the upper block must rise 2s, as 
seen before, in the runner. When the upper block rises 2s, the 
hand must rise 46*. 

The power P must therefore be exerted on the rope through 
a distance 4s, By the Principle of Work P x 4s is equal to 
W X s, and the mechanical advantage W/P is 4. 

Spanish Burton, — When two cords lead to the weight, one 
from the hand round a runner, and one from the runner round 
a single whip (Fig. 61), the mechanical advantage is 3. 

If the rope from P round the runner had been fastened as in 
Fig. 59, the hand would have moved 2s when the block moves s, 



Kijf. 5S.— Single whip. 
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but as it is attached to, the weight, it moves an additional s as 
the weight rises, making 3s in all. By the Principle of Work, 
the work done by P,'P x 3s is equal to W x s ; the mechanical 
advantage W/P is 3. This arrangement is often used in a yacht 
to get the ballast out, and is a very handy form of purchase. 



Fig. 59.— Runner. Fig. 60. —Runner and tackle. Pig. 61.— Spanieh burton. 


Purckise . — When a heavy weight is to be raised, blocks with 
several sheaves are usually employed. When a rope passes round 
the sheaves of two blocks, one of which if fixed, such an arrange- 
ment is called ‘a Purchase ^ (Fig. 62). Suppose that, as in the 
engraving, six cords go to the lower block. If the weight W 
be raised through a short distance 5, the distance between the 
blocks is diminished by s. Now as six cords go to *the lower 
block the whole rope, which is between the two blocks, is 
shortened by 6s. This must therefore be the length of rope 
pulled through the upper block by the force P. The work 
done on the purchase is P x 6^, and this is equal to the work 
done^on th^ weight W x 5 {Principle of Work), 
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The mechanical advantage W/P is 

This "proves the rule for the advantage gained by pur- 
chases : — 

The advantage gained hy a purchase ^ always 
equals the number of parts of the rope in the movable 
block 

In the purchase illustrated, with two 3- 
sheaved blocks, a weight of 300 lbs. is lifted 
when a tension of 50 lbs. is applied to the 
cord, but* it is necessary to move the cord 
through six times the distance that the weight 
is lifted. 

The opposite effect may be produced by 
reversing the purchase. In a flagship, where 
it is necessary to send up hoists of flags for 
signalling purposes as fast as possible, the signal 
halliards are rove through a purchase such as 
that illustrated; the movable block is pulled 
with a force six times as great as that required 
to send the flags up, the signal goes up six 
times as fast as the blocks are separated. A 
man could not possibly send them up so fast 
by hauling on the 'halliards, but he can exert six times the 
moderate force required through a small distance. 

Moving Friction. — Hitherto ‘ perfect ^ machines have been 
treated of, which are imaginary in that the surfaces in contact 
are supposed to be spiooth. In practice the friction of the 
parts must be allowed for, and forms a very important factor in 
the efficiency of a machine. 

That moving friction is less than limiting friction was 
observed "in the experiments for determining the angle of 
friction (p. 73). 

The coefficient of moving friction can be measured similarly. A 
plane, whose inclination to the horizon can be gradually varied, 

^ This is usually called ‘The amount of purchase gained.* Purqlutfte is 
used in the sense of mechanical advantage in several cases. 
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is covered with plates o£ different substances. A weighted box 
re^ts on the plane, plates. of different substances being fastened 
to its lower surface (^ig. 63). A heavy hammer is hinged so 
as to hit and start the box; the height of fall of the hammer, and 
therefore the initial velocity of the box can be regulated ; a 
spring is so placed as to catch the hammer, and prevent its 
resting against the box after impact. A pendulum with a bell 
attachment ticks out equal intervals of time. 



The angle of the plane is adjusted so that the box descends 
the plane with uniform velocity, and this is so when the box 
passes equally distanced marks at successive ticks of the pendu- 
lum. When this is the case the moving friction is equal to the 
component of the weight along the plane. 

The coefficient of friction is the ratio of the friction to the 
reaction of the plane (BC/AC in Fig. 40), and this is deter- 
mined by observing the angle of moving friction for each pair 
of substances. 

When one rough surface is moving slowly over another, the 
laws of movisLg friction are the same as for limiting friction. 
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I. The amount of friction varies as the ‘ load ’ or pressure. 

II. The amount of friction is independent of extent of bearing 
surface. 

“At speeds of less than 100 ft. per minute the friction on 
journals diminishes with an increase of speed; but at higher 
speeds with perfect lubrication it increases as the square root 
of the speed, is independent of the load, but dependent on 
the extent of bearing surface ” (MoUsworth's Pocket- BooJe). 

Rollingr Friction is much less than sliding friction, as may 
be seen by comparing the slopes on which a round and a flat 
ruler will rest. However smooth bodies may be, there are small 
projections and indentations in their surfaces which interlock to 
a certain extent. When one body rolls over another the motion 
is not unlike that of a rack and pinion, as the indentations are 
lifted over one another. It would require considerable force to 
drag a pinion along a rack without its turning, and the greater 
the weight of the pinion the greater the force, as it would have 
to rise over each tooth, — a caricature of Sliding Friction. 

To diminish friction in axles. Friction Wheels may be used. 
The axle of the highest 
wheel (Fig. 64) rolls 

on the rims of two // Vy 

pairs of wheels, instead 

of rubbing against the / \ 

metal surfaces of an jf 

ordinary axle - box. I ^ ^ fl ' 

Rolling friction k L«^\\ 

used .in Ji„ll Bearmw, jj 
SO familiar nowadays, . , 

as used in bicycles 

and illustrated in Fig. 65. This figure is taken from a working 
drawing supplied by the Hoftmann Company and gives a good 
idea of the bearings shown in Fig. 26, instead of the familiar 
friction wheels of Atwood’s machine ; or the front and side views 
of a light-running pulley such as that in Fig. 29. 

Roller bearings are coming into use for Railway^rolling stock. 
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with the improvement of materials. Comparative tests were 
made (March 26, 1^06) with two Bengal -Nagpur Eailway 
Company’s wagons, the one fitted with fitted gun-metal bearings, 
and the other with ‘ Empire ’ roller bearings. Summarising the 
results for level rails, the ordinary bearings required a starting 
effort of 43 J lbs. per ton, the roller bearings only 3 lbs. oz. 
per ton. 

These bearings have been fitted to the big bell of St. Paul’s 
Cathedral, ‘Great Paul,’ which with its fittings weighs nearly 25 
tons, and the frictional resistance is one-seventh of what it was. 

Lubrication is the use of oils or grease between two surfaces 
which rub against one another. Any lubrication greatly reduces 
the friction, probably by providing a film which prevents the 
two surfaces from coining into actual contact. 

The variation of friction with temperature, speed, quantity of 



lubrication, etc., is not within the scope of this book, tut is 
rather matter for an engineering treatise. 

Work done against friction is measured by the prodiict of the 
friction, and the distance through which the surfaces move over 
one another. The power of small engines is measured by 
making them do work against a brake which exerts a constant 
friction. The product of the speed and the resistance of the 
brake multipljed by a factor depending on the units employed 
gives the horse-power of the engine. 


CHAPTER Vn 

Comparative Scales for Computation of Quantities 

The Diagonal Scale — Comparative Diagonal Scales — The Metric System — 
Area and Volume — Mass— Density — Fluid Pressure — Practical Comparisons, 

The difference in the various units of length and mass, and 
the coexistence of practical or gravitational units of ‘fo(x;e side 
by side with the scientific units, make it important to kave 
ready modes of interpreting the value in one unit of quantities 
expressed in another. The comparison is usually effected by 
calculation ; the number expressing the quantity in one unit is 
multiplied by a factor ^ the product being the measurement in 
another unit. The factors for effecting these changes of unit 
are recapitulated in this chapter. 

Besides this, scales are provided by means of which the con- 
version can be effected without calculation. Comparative or 
parallel scales are given by which quantities such as — Distance, 
Area, Volume, Speed, Sfass, Force, Density, Pressure, Work, 
Power, etc., being represented by straight lines, the numerical 
value of a straight line on one scale represents the measure- 
ment of the quantity by one unit, and the numerical value of 
the same Ime on the other scale represents the measurement 
of the quantity by another unit. When it is desirable to make 
a very exact comparison the factors should be used, but a close 
approximation can be obtained from the scales by the use of 
dividers, while for ordinary purposes^a distance taken off on the 
edge of paper gives a sufficiently accurate result. 
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The Diagonal Sci^e is so called from the parallel diagonal 
lines drawn across one of its divisions. . It can Ke used for 
determining the tenih part of the smallest convenient divisions 
of any scale : and in general any number of three digits can be 
taken off a diagonal scale. 

In any of the following scales, the outside line being divided 
into units, the unit above zero is divided into ten parts. Ten 
vertical lines are drawn parallel to it at equal intervals; the 
tenth or inner one of these is divided into ten parts. Diagonal 
lines are then drawn from each division on the unit line to 
the next division above it on the inner line. It will be seen 
that each of these diagonal lines at the intersection with each 
successive parallel rises a tenth of a division. Follow, for 
example, the diagonal marked 6 ; at the figure 6 it is 2 ‘6 units 
— from the unit line marked 2. Where it intersects the first 
parallel it is 2*61, and at successive parallels it is 2*62; 2*63 
. . . 2*69 ; 2*7 from the line 2. 

In this way a scale which has been divided into the smallest 
convenient divisions, as the unit line is, can be further divided 
into tenths. 

To take a given number off the scale (for example 164). — Place 
one leg of the dividers on the unit line 1 (N.B., the first number\ 
at the fourth parallel (N.B., the third number). Open out the 
dividers till the other leg is on the intersection of the sixth 
diagonal (iN.B., the second number) with the fourth parallel. This 
gives the length of the number 164 on that scale. The im- 
portant point to be observed is that th^ legs of the dividers must 
both be on the same parallel, 

FACTORS. 

Maltiply measurements in units on the left by the factor to get measure- 
ments in units on the right. 

Distance. 


66. 

Metres^ feet . 

, 1 metre 

=3-2809 ft. 



1 foot 

= 0-3048 wi. 

67. 

IncheSf centimetres 

. 1 inch 

= 2*54 cm. 



1 cm. 

= 0*3937 inch, 
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To find oki what number on the scale corresponds to a given 
length. The dividers being set to the given length, choose the 
number of units which is next less than it ; keeping one leg on 
this line and both on the same parallel, draw the point along the 
unit line until the other leg meets with an intersection of a 
diagonal with a parallel. The length is represented by the 
number, of which the first digit is that of the unit line, the 
second that of the diagonal, the third that of the parallel on 
which the intersection takes place. 

A B 

For example, the line AB may be taken off on any scale. 
Choose the scale of Miles. The length of the line lies between 
3 and 4. Place the dividers on the 3rd unit line and move them 
along, the other leg meets the intersection of the 3rd diagonal 
with the 3rd parallel, the given line represents 333 miles. 

This may be 3*33 or 33*3 or 333, according to the value of 
the unit graduations. 

Gomparatiye Diagonal Scales. — To make these scales more 
accurate they are so arranged that in some cases the number 
to be taken off must be halved. With this proviso, any quantity 
may be converted from one scale to another. The number 
expressing the quantity in one unit is taken off on the scale for 
that unit, and the number expressing it in the other unit is at 
once read off on the parallel scale. 

For vjxample, a length of 638 miles. Its half, 319 miles, 
corresponds to 513 kilometres, so that 638 miles corresponds 
to 1026 kilometres. For another example, a speed of 54*2 
miles an hour; in Fig. 69 let the units represent 10 miles an hour. 
The speed corresponds to 24*3 metres per sec., or 79*6 ft. per sec. 

Distance. 

68. KiloTtietres, miles , . 1 kilometre =0*6214 mile. 

1 mile =1*6093 kilom. 

Speed. 

69. Metres •per sec, . 1 metre per second =2 *287 miles per hour. 

* =3*281 ft. per sec. 

Miles an hour . 1 mile an hour= *446 metres per sec. 

"" =1 *446 ft. per sec. 

. 1 foot per second = *3048 metres per sec. 

s= *682 miles per hour. 


Feet per sec. 
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The Metric Systesi. — The metrical system is based on the 
metre ; it was origiijally intended that this unit should be the 
ten-millionth part of a quadrant of a terrestrial mCl’idian, and a 
bar of platinum was constructed with great care to be of this 
length. The length of this bar, which is deposited in the Palais 
des Archives in Paris, is the Standard Metre, and all metrical 
measurements are consequently made in terms of it quite irre- 
spective of the magnitude of the earth. 

It is interesting to notice how nearly the original intention 
was carried out. The earth is not a spheroid but an ellipsoid ; 
that is to say, the equator is not a circle but an ellipse. The 
two diameters of the ellipse differ by about two miles and a half. 
The polar diameter is twenty-seven miles shorter than the mean 
value of the two diameters of the equator. 

The length of the earth’s meridian passing through Paris is 
10,001,472*5 metres ; and the length of the minimum quadrant 
is 10,000,024*5 metres. The standard metre is consequently 
about an eighth of an millimetre shorter than it was meant to be. 
The convenience of the metrical system does not depend on the 
nature of the unit chosen, the length of the metre is only a 
conventional quantity given by the length of a certain bar. Its 
special advantage is that all the multiples and sub-multiples of 
the unit are given by powers of ten ; it is on this account called 
a ‘decimal’ system. Multiples of the units are denoted by 
Greek prefixes, e.g, kilometre, hectametre, decametre, which 
mean a thousand, hundred, and ten metres respectively. Sul)- 
multiples are denoted by Latin prefi;?c:es ; e.g. millimetre, centi- 
metre, decimetre, which are the thousandth, hundredth, and 
tenth parts of a metre respectively. There are therefore no 
‘ tables ’ to learn, and reduction is much simplified. 


Area. 


FACTORS. 


70. ^sq, metres^ sq. feet . 1 sq. metre 

1 sq. ft. 


= 10*764 sq. ft. 

= *0929 sq, metres. 


71. Sq, intclieSf 10 sq, cms, , 


1 sq. inch 
1 sq. cm. 


= 6*451 sq. cms. 
= 0*155 sq. inch. 
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Area and Volume*, — The square and cubic metre are the 
standard units of area and volume in the metrical syfetem. For 
large areas, the hecthrcy which is almost acres, is usually em- 
ployed. In scientific investigations, the linear, square, and cubic 
centimetres are the recognised units. 

In cubic measure the litre or cubic decimetre is the best 
known measure ; it is less than a quart. Six Englisli#^ quart ’ 
wine bottles contain a gallon ; a litre is about half-way between 
a reputed quart and a true quart. 



t Pig. 72. 

Mass. — ^The units of mass and volume are connected by the 
mass and volume of water. Water 'N^aries in volume with its 


FACTORS. 


Volume. 

73. 10 euh, cm,j cvJ), inches 1 cub. cm. 

1 cub. inch 


= 0*061 cub. inch. 
= 16*383 cub. cm. 


10 Litres, gallons . 


Mass. 

74. Kilogrammes, ^ownds 


1 litre = 0*2201 gall. 

1 gallon = 4*6469 litres. 

1 kilo^amme= 2*2046 lbs. 

11b. = 0*4636 kilog. 
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temperature in a peculiar manner, as is shown in the figure. 
This figure represents the behaviour of a column of Water in a 
tube 200 yards long,' assumed to be of such a material that it 
does not alter with the temperature. In such a tube a column 
of water 600 ft. long heated from 0° C. to 10° C. would alternately 
shrink and expand as shown by the curve. Being smaller at 
4° C. (39° F.) than at any other temperature, water at that 
temperature is taken as the standard substance in many scientific 
calculations. The unit line in the figure represents a cubic 
centimetre, and the curve represents the volume of one gramme 
of water at the different temperatures. 

It was originally intended that the mass of one cubic centi- 
metre at 4° C. should be one gramme, and so it is for all practi- 
cal purposes; it is really so at 2*75° C. and 5*25° C. The 
gramme was determined by observation and calculation, though, 
as in the case of the metre, the original intention has not been 
exactly fulfilled. But, having been thus ascertained, a mass of 
platinum was made as a standard kilogramme. The mass of 
this piece of metal, which is deposited with the metre u\ the 
Palais des Archives in Paris, is the Standard Kilogramme, and 
to it all metrical measurements of mass refer. The litre is the 
volume of one kilogramme of water. 

The British Pound has no scientific origin or intention ; it 


Mass. 

75. 10 grains, grammes 


FACTORS. 

. 1 grain 

1 gramipe 


= 0’0648 gin. 

= 15*432 grains. 


Force. 

76. lOQFouTidals , . 1 pouudal =13824 dynes. 

= *031 lbs. -weight. 


Megadyncs . . .^ 1 megadyne =72*33 poundals. 

i,e, 10® dynes = 2 *247 lbs. -weight. 

1 lb, -weight =32*19 poundals. 

= *446 megadynes. 


Pounds-weight 









106 


MECHANICS 


CHAP, VII 


also is the mass of a ^certain piece of metal* deposited in the 
Standards Office at Westminster, and to this all English measures 
refer. 

A gallon is the volume of ten pounds of water weighed in air 
at a temperature of 62° F. 

A kilogramme is the mass of a litre of water weighed in vacuo 
at 4° C. 

For this reason, roughly speaking, a kilogramme must bear 
the same relation to a pound that ten litres bear to a gallon ; 
also a gramme must bear the same relation to one pound as 10 
cub. cm. bears to a gallon. 

Being determined by weighing in air, against brass weights 
and at 62° F., a gallon is larger than if the 10 lb. of water had 
been weighed in vacuo and at 39° F. (4° C.). This difference in 
the conditions of weighing is shown in the factors, 1 litre = ’2201 
gallons; 1 kilogramme ==2*2046 lb., but it cannot be shown in 
drawing the scales, and therefore one comparative scale does for 
kilogrammes and lbs. and also for 10 litres and gallons. 


FACTORS. 

^77. Work Done. 

1 Joule = 10’ ergs= *102 kilog, m. = *7374 ft.-i)Ounds, 
1 kilog. -metre =9*81 Joules =7*235 ft. -pounds. 

1 Foot-pound =1*356 Joules = *1385 kilog. m. 


— The erg is the scientific unit of work (see 2 >. 36). The foot- 2 >ound 
and kilog. -metre are practical units : — the work done in raising 1 lb. through 
1 ft. and 1 kilog. through 1 metre against gracdty. 


78. Power. 

Horse-power y kilo^Waiis . . 1 H.P. =745*8 Watts. 

1 Watt= *00134 H.P. 
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It SO happens that t}ie mass of a cub. foot of water is nearly 
1000 oz. (998*6 oz.); so it is oftoi said that ‘a cubic foot of 
water weighs lOOO' ounces.’ Now, a litre ‘weighs’ 1000 
grammes. So the relation between a gramme and a litre is the 
same as between an oz. and a cub. foot, and this is a useful 
relation in questions of density. It appears in the density 
diagram (Fig. 79) ; SO cub. ft. to the lb., i,e, 5 cub. ft. to the oz., 
being the same density as 5 cub. metres to 1 kilogramme, i.e, 5 
litres to 1 gramme. 

Density. — It is found more convenient to give as a scale for 
the comparison of densities companitive values of what is some- 
times called specijic volume. In Hygrometry and in the discussion 
of the steam-engine comparisons of densities appear in this fom. 

Fluid Pressure. — In the diagram for comparison of measures 
of pressures, the familiar *jHnin<Js on the aqmre inch ’ are compared 
with the scientific ‘ (b/ne on the sfpteire centimefre ’ and the ‘ kilo- 
gramme an the S(juare cenfimetre/ which is the French engineering 
unit of pressure. The two practical units of })rcssure are called 
by their familiar names, and not Iba-wt. and kilog.-wt. But 
the student should see the word {weight) which is hidden from 
the practical man, knowing as he does that fluid pressure is a 
force exerted on a certain area. 

The normal j)res.sure of the atmosphere is 14*7 lbs. on the 
sq. inch or 1*033 kilogs. on the sq. cm., corresponding to alx)Ut 
1,013, 800, dynes on the sq. cm. This is hardly to be dis- 
tinguished in the diagram from the megadyne or a million dynes 
on the sq. cm., which may therefore be called an atmosphere. 

FACTORS. 

79. Density. 

1 cubic ft. to 1 lb. =62*412 cub. cm. to 1 gramme. 

” *0624 cub. metres to 1 kilog. 

1 cub. metre to 1 kilog. =16*021 cub. ft. to 1 lb. 

80. Fluid Pressure. 

1 megadyne on sq. cm. =14*5 lb. on sq. in. = 1 *019 kilos, on sq. cm. 

1 pound on sq. inch = *069 meg. on sq. cm. = *0709 kilos, on sq. cm. 

1 kilog. on sq. cm. = *981 meg. on sq.cm. =14*22 lbs. on sq. cm. 
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Practleal Comparisons. — A summary of the practical com- 
parisons between the metrical and other systems will be found 
useful: — 

A foot is nearly 30 centimetres. 

Eight kilometres make 5 miles. 

A square metre is just over 10 square feet. 

A hectare is about 2 i acres. 

A cubic inch is about 1 6 cubic cm. 

A litre is between a standard and reputed quart. 

A kilogi'amme is about 2 lbs.; while 1000 kilogrammes, 
called a tonneau, very nearly equals one ton. 

The Watt is the rate of doing 1 Joule (10^ ergs) per second. 

The horse-power is 'the rate of doing 33,000 foot-pounds 
per minute. 



PROPERTIES OF MATTER 




CHAPTER I 
Stri’ctukk of Matter 

The Tliree Stiites of Matter -A Solifl — A Perfectly Rigitl Solid— A Perfectly 
Kla8ti(t Solid — A Li<iuid — A (ias—A Perfect Fluid — A Perfect Liquid — 
A Perfect (Jas -l*roJKu•li<^H of Matter — Inipnetralnlity — Divisibilit}' — 
Molecules— Size of Molecules- Molecular Movement — Crookes' Radiometer 
— The Structure of IhMlies — The State of Gas — Liquefaction — The Liquid 
State- -Solidiftcatioii— The S(»lid State. 


This division of the su)»ject of Natural Philosophy deals with 
properties of matter, such as InijKmetrabilitv and Divisibility, 
which all matter jK^ssesses; with the properties of matter in 
the three different sLites — solid, liquid, or gas ; , and also 
with properties, such as Porosity, Compressibility, Elasticity, 
Cohesion, Hardness, etc., which boilies possess to a varying 
degree. These prof>erties are consequences of the structure of 
bodies, and in this connection various phenomena, such as Capil- 
larity, Osmose, etc., must be noticed. 

Different bodies may possess different properties, even though 
they be made of the same substance or kind of matter. Iron, 
as we know it best, is a hard subsUnce*, certainly harder than 
wood ; yet an iron-wire mattrass is much softer than a wooden 
plank. Iron may be drawn out into wire, or rolled into thin 
plates; by certain treatment it may be reduced to a porous 
spongy condition ; it may be melted or, l>eing intensely heated, 
may become a gas, in which state it exists in the sun. It is the 
same material or substance in all these conditions, and yet such 
iron bodies possess very different properties. 

I 
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Changes like these, when the form of the body and not the 
material is changed, come within the province of Physics or 
Natural Philosophy. There are other changes which are not 
included in the domain of Physics, as when, for example, iron 
being exposed to the air, rust is formed on its surface. This 
is not iron, it is an oxide of iron forme]^ by chemical combina- 
tion ; such a change comes under the heading of Chemistry. 

The Three States of Matter.— ^Matter can exist in three 
states : viz. as solid, liquid, or gas. 

Water is the most familiar example of this, as it exists in the 
three states, ice, water, and vapour in ordinary circumstances. 

Ice is a solids it has a certain shape ; it can be handled, and 
it resists any stress. 

♦ Water has no shape and it cannot be handled, as it offers 
little resistance to a shearing stress. It has a definite volume 
and, in a vessel containing more than this volume, it has a ‘ free 
surface ^ ; it is the familiar example of a liquid. 

Steam or water vapour is a gas; it cannot be handled, and 
has no permanent volume or shape, and it completely fills any 
vessel. 

Though water vapour is generally present in the air, it is not 
a familiar example of a gas ; and experiments in physics on the 
behaviour of gases are usually made with air. 

By these examples it may be seen that Bodies in the three 
states differ in their behaviour under stresses (see Mechanics, 
p. 62 ), and it is on this that their definitions depend. 

A Solid has a definite mass, volume, and shape ; it opposes 
a permanent resistance to any stress. 

Two classes of solids, rigid and elastic, are discussed in 
Mechanics. 

A Perfectly Rigid Solid maintains its shape in spite of any 
stress. • 

A Perfectly Elastic Solid recovers its form after distortion 
by any stress, when that stress no longer acts upon it. 

A Liquid has a definite mass and volume ; it opposes no per- 
manent*resistance to any shearing stress; when at rest it takes 
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the shape, of the lowest part of any vessel, with a ""horizontal 
‘ free surface/ 

A Gas has a definite mass ; it opposes no permanent resist- 
ance to any shearing stress; it completely fills and takes the 
shape of the containing vessel. 

Liquids and gases are classed together as ‘ fluids ’ ; liquids 
are soihetimes called incompressible fluids, and gases compres- 
sible fluids (see pp. 135, 171). 

In Hydrostatics, fluids in an imaginary or ^ perfect ^ condition 
are treated of. 

A Perfect Fluid is perfectly mobile, that is, its parts are 
perfectly free to move relatively to one another, so long as its 
volume is unchanged ; there is no shearing stress in it. 

A Perfect Liquid is perfectly mobile and is incompressible. 

A Perfect Gas is perfectly mobile and is perfectly elastic in 
volume, that is to say, if its volume be diminished by stress, the 
original volume is resumed when the stress is removed. 

Properties of Matter. — There are some properties which are 
possessed by matter of all kinds : Extension or Magnitude, 
Inertia and Gravity, which have been already discussed; Im- 
penetrability and Divisibility, which will now be considered. 

Impenetrability is the name given to the fact that no two 
portions of matter, however small, can occupy the same space. 
It does not mean that one body cannot penetrate another, 
as the word would seem to imply ; we know that a biillet can 
penetrate a block of wood, and that water can penetrate a 
sponge. In the one case, 4he portions of the grain of the wood 
are thrust asunder by the bullet, and in the other the sponge is 
porous — there are holes in the sponge, Avhich are filled by the 
water. In neither case are two portions of matter occupying 
the same space. Impenetrability is a self-evident property, which 
requires no experiments to prove or to illustrate it. 

Divisibility, or the capacity for being divided, is a property 
of matter which all bodies possess. It is not equally easy to 
split up all substances, but all bodies can be divided up into 
very small particles. Instances can be quoted in which very 
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minute quantities have been obtained by subdivision. Grold 
can be beaten out till 300,000 leaves are an inch thick. Wol- 
laston was able to make a platinum wire 1 3,000,000 of an inch 
in diameter, as follows. He encased a platinum wire 1/5 of an 
inch in diam. with silver ; the whole was then drawn out into 
a very fine wire. The silver having been dissolved in acid, 
a platinum wire of incredible fineness remained. Again, if 
powdered chalk be mixed with water, and after some time has 
been allowed to elapse, for the larger particles to settle, the 
cloudy liquid be poured ofi', — when this milky water is eva- 
porated, there remains an extremely fine powder. It is called 
‘impalpable,’ because it cannot be perceived by the touch; yet 
such a powder is used for polishing, and the fine marks that 
it leaves on metid show that the particles are possessed of 
definite shape, though of extraordinary minuteness. 

Leslie states (1823) thfit a gi'ain of musk has been known to 
perfume a large room for the spice of twenty years, and he 
estimated from this that it contained ‘ 320 (quadrillions of par- 
ticles.’ There is some doubt as to what a cjuadrillion may 
mean, but on one interpretfition ‘this old computation,’ says 
Tait, ‘agrees fairly well with our present knowledge.’ 

A question naturally arises as to how far this subdivision 
can go ; and the old surmise of Leslie suggests that there is a 
limit to it, that there are portions of matter which cannot 
be further divided ; on the assumption that this is so, they are 
called ‘ molecules ’ {lit, a little mass). 

The smallest portion of solid maJtter that can be obtained 
— the gold leaf, the platinum wire, the grain of preeijntated 
powder — possesses a shape ; its molecules cling together ; it is 
impossible by mechanical means to isolate the individual mole- 
cules of solid substances. 

But in the case of a gas, the molecules do not cohere, the 
gas will expand and fill any empty space, however great, so 
that the molecules become further and further from one 
another. 

In the case of a gas then, we have a substance whose 
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molecules separate of their own accord from one another. They 
cannot be seen, it is true, but methods have been devised to 
give an idea of their magnitude and movements. 

Molecules arc the smallest portions of matter with which it is 
the part of Natural Philosophy or Physics to deal. Chemistry 
seeks further to know how these molecules have been formed of 
atoms combined in definite proportions. For example, water 
can exist in three states, as steam, water, or ice ; a molecule of 
water is of the same substance or material, and is always water, 
whether it be a part of a mass of steam, water, or ice. There 
is some divergence in the use of the terms ‘ particle,’ ‘ mole- 
cule,’ and ‘atom’ l)y different writers, l)ut, speaking generally, 
it may be said : Chemistry deals with the atoms of hydrogen 
and oxygen, which come under the domain of Physics, as several 
of them form molecules of oxygen or hydrogen or water, but. 
within the province of Chemistry in the act of combining to 
form a molecule of water. 

Size of Molecules. — There are physical considerations which 
appear to assign a limit to the magnitude of molecules. Their 
size has been pictured in v arious ways : “ A cube whose side is 
the 4000th of a millimetre may be taken as the minimum risihile for 
observers of the present day. Such a cube ^vould contain from 
GO to 100 million molecules of oxygen and of nitrogen.” — Clerk 
Maxwell. 

“The best microscopes can be made to magnify from 6000 
to 8000 times. A microscope wdiich would magnify the result 
as much again would sho^f the molecular structure of w^ater.” — 
Clifford. 

“If a globe of w^ater the size of* a football 16 cm. (6^ in.) 
in diameter were magnified to the size of the earth, the mole- 
cules or granules would be greater than small shot and less than 
footballs.” — Sir William Thomson, 1883. 

“SupjK)se we magnify a cubic inch (of water) to a cube 
whose side is the diameter of the earth. In the enormously 
magnified cube there is one particle to every cubic incjji or so.” 
— Tait. 



m PROPERTIES OF MATTER chap. 

Molecular Movement. — The molecules of a body are in 
motion. Bacon and others before him had adop^ted this ex- 
planation of natural phenomena {Nov, Org, lib. ii. 20), but it is 
only of late years that this motion has been brought to the 
test of experiment and measurement. In a gas, no force is 
needed to separate the molecules from one another; when a 
small quantity of gas expands into a large space, the molecules of 
which it is composed distribute themselves through the whole 
space. Whatever direct observation has been made of the 
movement of molecules has been made in the case of an expanded 
and highly rarefied gas. 

It is assumed, and the assumption is borne out by experi- 
ment, that the molecules of a gas rush hither and thither, 
colliding with one another and with the 
sides of the containing vessel. 

Crookes’ Radiometer. — In this instru- 
ment, represented in Fig. 1, a light cross 
with four arms is jdaced in a pear-shaped 
glass vessel, so as to revolve easily about 
a vertical axis. The arms carry square 
vanes of platinum foil, one side of which 
is covered with lamp-black. 

The air is almost completely exhausted 
from the pear-shaped bulb, so that the 
molecules of air are widely separated 
from one another, and offer little resist- 
ance to the mdlion of the vanes. 

When heat-rays fall on the vanes, the 
lamp-blacked sides become more heated 

Fig. 1 . — Crookes' ruilioineter. . t i. .1 1.1 i 1 

than the foil, and the molecules meeting 
them are heated. As Bacon surmised, ^i/ie very heat itself is 
motion and nothing else,^ So, when the molecules are heated at 
the lamp-black surface, they move faster. Acquiring momentum 
as they leave the black vane, they must impart an equal mo- 
mentum ,to it, and as a consequence of the momentum imparted 
by many heated molecules, the vanes revolve. 
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This experiment is one in which the actual momentum of the 
molecules is, as it were, made evident to the eye. 

The theory which this experiment illustrates is called the 
Kineffc Theory of Gases, It assumes that the molecules have a 
motion of translation, and that the kinetic energy of translation 
of the molecules depends on the temperature of the gas. The 
molecules have a potential energy due to their position relative 
to their mutual attractions ; they may also have a kinetic energy 
of rotation. At present their kinetic energy of translation alone 
is considered and, for the sake of brevity, is called ‘ The Energy ^ 
of the molecules. 

The sum of the energy of all the molecules in a given mass 
of gas is called ^ The Quantity of Heat' in that mass. 

The mean energy of individual molecules is the same in gases 
at the same temperature, and may for the present be called ‘ The 
Temperature ' of the gas. 

When the moving lAolecules meet with a side of the con- 
taining vessel, they lose that part of their momentum which is 
perpendicular to it. Now change of momentum in unit of time 
is the measure of force. Hence the momentum thus lost by the 
molecules which homhard a unit of area of the surface in a unit 
of time is the measure of the force which the gas exerts on unit 
area of the containing surface. This is called ^ the^ Pressure' of 
the gas. 

The pressure may be reduced either by diminishing (the 
number of molecules in unit volume, that is) the density of the gas 
or by reducing (their enefgy, that is) the temperature of the gas. 

An attempt was made above to give some idea of the size 
of moleculu^ their magnitude is assumed to be about the same 
for all bodies, their mass and velocity to vary considerably. 

The average velocity of the molecules of hydrogen at a tem- 
perature of 0*^ C. has been ascertained to be more than a mile 
(1859 metres) per second. In oxygen, at the same temperature, 
the velocity of the molecules is one-fourth of this, their mass 
being sixteen times that of hydi*ogen molecules, and the mean 
energy being the i^amo. 
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In the atmosphere the number of collisions per .second be- 
tween particles is practically infinite, and a molecule travels on 
an average 1000 times its own diameter without colliding wij^ji 
another. But if the air be rarefied, the collisions are less fre- 
quent, and the ‘ free-path ’ of a molecule is greater. In an 
ordinary Edison-Swan incandescent lamp the air is so highly 
rarefied that the space is practic;illy void of air, the pressure 
being estimated at one hundred millionth of the ordinary 
pressure of the atmosphere. In these conditions, the number 
of molecules in unit volume is reduced to one hundred millionth, 
and the distances which they travel without collision increased 
to the same extent, so that their numbers and distances come 
within the powers of human observation. The free j)ath of a 
molecule of air in such a ‘ vacuum ’ is about 35 feet. 

The Structure of Bodies — The State of Gas. — In speaking of 
Divisibility, it was observed that the smallest portion of solid 
matter which can bo obtained consists of several molecules, and 
has a definite shape, but that in a highly rarefied gas the mole- 
cules are Mddely separate. The size of these molecules and 
their movement has been discussed ; a gas has been described 
as being composed of molecules in rapid and independent 
motion. Such a l)ody (for though it be small this rarefied gas 
will have a. certain mass, and may be called a body) has a 
very simple structure ; it has no cohesion, it has only molecular 
energy. 

An endeavour may be made to portray the structure of 
bodies in the three states by tracing •the changes of a mass of 
such a body of expanded and highly rarefied gas, as it is succes- 
sively compressed and cooled until the soIkI state is reac^hed. 

Water affords the most familiar example of the three states 
of matter. The body to be considered will therefore be — 

-A Giiammk of Watku at a Tempehatuuk i ° C . (39** F.). 

At this temperature a gramme of water exists as a gas so long 
as the pressure on it is less than 6T0 mm. (‘238 in.) of mercury, 
and so long as more than 160,120 cub. centimetres are allowed 
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for its vojume (see pp. 323 and 339). It can be expanded to 
any degree of tenuity by increasing the volume it is allowed to 
occupy, and it is in this rarefied condition that its structure was 
examined above. As has been observed, the highest degree of 
divisibility has ))cen attained. Its structure is extremely 
simple ; it has no cohesion, it has only movement and energy of 
its molecules. 

Molecular attraction is very powerful when molecules fire not 
separated by sensible distances ; lait in a gas at ordinary pressure 
there is practically no molecular attraction. 

Liquefaction. — Let the volume be decreased, the tem- 
perature remaining the same ; the number of molecules in unit 
volume is increased, while, the energy of individual molecules is 
unaltered. At the i)ressure and volume stilted above, a con- 
dition is rciiched when the number of molecules per unit volume 
is so great that their movement is only just sufficient to keep 
them clear of the attraction of other molecides. When the 
volume is fui-ther deci eased some molecules are brought within 
reach of the molecuhir attraction of others. If some body 
wandering through space were forced to iipproach so near to the 
sun that its velocity was that of a similar body performing an 
orbit, hencefoi th the body would circle in an orbit round the 
sun. It would lose its ‘free pith’; its momentum would be 
destroyed. 

The Liquid State. — So the molecules of gas having been 
brought nearer to one another by compression, become involved 
with one another in the^)erfect equilibrium of bodies performing 
oibits. A mass of molecules so engaged is in the licpiid state of 
matter; they have lost the momentum which made them rise in 
spite of gravity, just as two dogs fighting with one another 
may roll over a precipice. They lie at the bottom of the 
lessel or find some solid surface to cling to in the form of 
drops. 

The volume being still further reduced, no increase of 
pressure is observed ; the molecules which still preserve their 
free path and motion have the same energy and exert the same 
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pressure. But as corapression proceeds, more molecules are 
entangled, and when the volume of one cubic centimetre is 
reached the whole mass becomes liquid. 

Then further compression is met by a very great resistance. 
In the liquid condition the motion of the molecules in orbits 
round one another must be extremely rapid, and the great 
resistance of liquids to compression, which has earned them the 
name of incompressible fluids, may be considered as due to com- 
pressive disturbance of these orbits. 

During the change which we have pictured from the free and 
gaseous condition to the liquid state, the temperature has not been 
altered. The change of state has been brought about by reduc- 
tion of volume. Liquefaction might have been produced by 
diminishing the energy of the molecules, i.e. the temperature, 
the volume remaining the same. There is a maximum pressure 
of water vapour for cjich temperature (see pp. 323 and 325). 
That is the condition when the number of molecules per unit 
volume is so great that their motion is only just sutticient to 
keep them clear of the attraction of other molecules. AVhen the 
energy of the molecules is diminished, some of them are brought 
within reach of the molecular attraction of others and lique- 
faction commences, their energy being less, the pressure of the 
vapour is less. 

So lon^ as there is free space above the liquid, it will be 
occupied by vapour at the maximum vapour pressui e, and the 
only way of liquefying the whole mass of vapour is by diminish- 
ing its volume to one cubic centimetre. * 

Solidification. — The whole mass being now liquid, the 
energy of movement can be reduced by diminishing the 
quantity of heat in the mass. As the temperature is reduced, 
a point will be reached when the molecule has not .suflicient 
energy to continue in its orbit. What we may call, in common 
language, ‘ the centrifugal force,’ is not mifticient to oppose the 
molecular attraction ; the molecules adhere to one another, and 
vibrate as ^the extremities of a tuning-fork vibrate. This is 
beautifully seen in the crystals of ice which form when water is 
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gradually cooled. The molecules cling together and gradually 
build up slender, crystals. 

The Solid State. — The directions of vibration of the mole- 
cules of different substances no doubt determine the form and 
structure of the mass, if it is free to solidify in any shape. 

The grain of solid substances is intimately connected with their 
strength to resist stresses in different directions. As this strength 
is due to molecular attractions, the directions of these vibrations 
must affect it. 

When a body, heated iron for example, is near its melting 
point it is weak ; the motion of' the molecules neutralises their 
attraction. 

The temperature of the mass being the mean energy of indi- 
vidual molecules, as this is diminished the vibration is lessened. 
Could all the heat be removed, there would be no vibration, 
no energy of movement, and the body would have reached that 
absolute zero of tempeniture which Fahrenheit thought he had 
reached in his zero, if Newton did not in his ; — that unattainable 
zero which is to the physicist what the North Pole is to the 
explorer. 

Some apology is perhaps necessary for the introduction of 
such a highly ideal picture of the molecular constitution of 
bodies ; it may present too great difficulties to the beginner ; 
but, on the other hand, the ideas are suggestive, and as the 
various subjects are more particularly studied afterwards, it will 
be refen’ed to. It is ])ossiblc that in the end the various ideas 
may be helpful to the fliind, as a pictime, however rough, may 
be used to help a learner. 



CHAPTER II 

Effect of Molec'Clar Forc’ks 

^Molecular F orces — Surface Tension — Cajdllari ty V iscosi ty — Porosity — 
Conipressibilit}’ — ^Coliesion — Hardness — Tenacity- -Rigidity - Elasticity 
— Fatigue of Elasticity' — Plasticity' — Malleability — Ductility — Diffusion 
— Colloids and Crystalloids — Osmose. 

Molecular Forces. — The magiiitiule of the mutual attraction of 
molecules has been shortly referred to in the former chapter as 
powerful only when the molecules arc not separated by sensible 
distances. 

Experiments have been made witli the o)>ject of ascertaining 
at what dist^ince the molecular forces are felt. Their indiuMice 
has been detected through a film of silver '000005 cm. (two 
millionths of an inch) thick, i.e. one-tenth of the length of a 
wave of gi een light. 

In solid bodies the magnitude of these forces must be 
enormous. The tensile strength of mild steel is as much as 30 
tons per scpiare inch, and this is the measure of the molecular 
attractions in that substance. 

In liquids the molecular forces are compiratively small, but 
they are not negligible. If the clean surface of a glass plate 
be brought into contjict with a clean water -surface, such an 
arrangement as is shown in Fig. 2 being used to measure the 
force of adhesion, 60 grains-weight per square inch is necessary 
to separate the surfaces. Glass and mercury, if carefully cleaned, 
have an adhesion of 180 grains-weight per square inch; amal- 
gamated zific and mercuiy, 500 grains-weight per square inch. 
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This Jast value is 
attraction in mercury, 
as the amalgamated 
zinc has a surface of 
pure mercury. 

Ill a gas at ordinary 
pressure thei‘e is practi- 
cally no molecular at- 
traction. 

Surface Tension is 

the magnitude of the 
force which can lie 
applied to a sectiini of 
surface of a liquid A^ ith- 
out its separating. 


ap|)arently the measure of the molecular 



Fig. 2 . — Measiir<*ji)ent of aclhe.sion. 


When liquid is ‘ hrimming over’ it has a curved edge ; when 



it falls it has a curved surface (Fig. 3). If a 
needle be greased and gently placed on a 
sui-face of water it will lie on the surface and 
form an iiidentfition ; in the same way insects 
can walk on the surface of water. 

If the surface of any liijuid be examined, 
it has all the appearance of being covered 
with an elastic skin. It requires some force 
to break this skin, and the force varies with 
different liquids. This phenomenon is due to 
the iiRilecular attractions. A molecule within 
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! a mass of liquid is in equilibrium, as the mole- 
cules on all sides .of it are attracting it equally. 
^ But a molecule on the * free surface ^ of a liquid 
is not attracted by molecules on the side away 
Q from the liquid. We might picture a small 
^ hemisphere of liquid, all the molecules of 
W which attract the surface molecule, which is 


Fig. 8.-^Fai ling water, its centre; by the resultfint of these un- 
balanced forces, every molecule on the surface is drawn towards 
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the mass of the liqiiid, and the surface of the liquid takes that 
shape which has the least area possible under the conditions. 
This is the reason that a small quantity of water, such as a rain^ 
drop, takes a spherical shape. 

The spherical form of a liquid in equilibrium is shown 
thus : — 

Alcohol being lighter and water heavier than oil, a mixture of 
alcohol and water can be made of the same weight, volume foi* 
volume, as oil. If some oil be placed in a mixture of this kind 
by means of a pipette, it remains suspended in equilibrium, 
and assumes a spherical shape. 

Shot towers arc used for making shot by letting molten lead 
fall through a sieve fi’om a considerable height. The shot cool in 
a sphericid form as they fall, being received in a cistern^ of water. 

The magnitude of the surface-tension depends on the nature 
of the liquid and of the su])stance in contact with it. 

The following values of surface tensions are given l)v Quincke 
in e.G.S. units at 20 ’ C , : — 


Liqui<l8 ill contfict wiUi Air, 

W'ut<‘r, 

Mercury. 

Alcohol 

25 T> 


399 

Water . 

. SI 


418 

Mercury 

. 540 

418 



The unit employed being one dyne per linear cm., divide by 25 
to reduce to grains-weight per inch. 

The bfliaviour of liquids in contfict with solid substances 
depends on whether the liquid ‘ w'ets ^ the solid or not. If it 
does, it clings to it with a force which has l)cen measured by the 
apparatus (Fig. 2), and can be shown by experiments. 

If two or three drops of distilled w^ater fall on a very clean 
surface of glass, the w^ater spreads over the glass in the thinnest 
^ssible layer. As the water ‘ wets ' and adheres to the glass 
the surface-tension extends it as far as possible. Now, place a 
very small drop of spirit on the surface of the water ; then the 
surface-tension of alcohol being so much smaller than that of 
water, the stronger tension of the water will pull away the spirit, 
and leave the glass bare. 
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The surface-tension of liquids decreases with a rise of 
temperature, the same effect will therefore be seen if a hot poker 
be approached to the water ; the tension is weakened, and the 
glass dries, under the poker. 

If a little oil be placed on the surface of water, the tension 
of its surface is so weak, compared with that of water, that the 
oil is spread into the thinnest possible film. 

This explains the difficulty which there is in keeping clean a 
surface of clean water or of pure merciuy. The surface-tensions 
of water and mercury are so much greater than those of other 
liquids whose vapours may condense on them that if the clean 
surface is left exposed, it is soon covered with a film. 

If benzine is used to remove a spot of grease from cloth, the 
grease should be surrounded M'ith a ring of bimzine ; the grease, 
having a greater suiface-tension, collects towards the middle, 
whence it can be removed M*ith blotting-paper. If the l>enzine 
be put on the grease spot, the grease is spread o\’er the cloth 
and cannot be removed. 

Some of the most beautiful demonstrations of surface-tension 
have been made in experiments with soap bubbles. The shapes 
assumed are all those of the figures w'hich have the least area 
under the conditions (Boys, Soap Bulhks, S.P.C.K., 1890). 

Capillarity. — If a fine glass tube, whose bore has been 
thoroughly cleansed, be dijrped intt) clean water, the water will 
wet the inside of the tube and rise in it. The fact that water 
will rise to a considerable height in fine hair-like tubes is called 
Capillarity (lat. capilli, /(f irs). The height to which liquid rises 
in a tube depends on the nature of the liquid and on the 
diameter of the tube. 

This rise of liquid in fine tubes is due to the molecular forces 
which cause surface-tension. At any point, just underneath 
the free surface, the pressure .must be less than that of the 
atmosphere by the amount of the unbalanced molecular attrac- 
tion of the surface film. A column of water rises in the tube, 
whose weight is equal to the tofoil upward molecular attraction 
of the surface film on the molecules next to the surface. 
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The height of the liquid varies inversely as the diameter of 
the tube. In Fig. 4 five tubes of differing ])ore, the largest 
being on the left, are seen dipping into a dark liquid which 
rises in the bore, the rise being highest in the small tube on the 
right. 

In the same figure, and behind the tu]>es, ai*e seen two glass 
plates, near to one another, but nearest on the right hand. In 
this case the liquid rises higher when tin; })lates are nearer 
together, tjiking the shape shown in the figure. 



Fiji. 4. — Cajjillarity ; plate aiiU IuIm's. 

The atmometer, illustrated in Fig. 5, may ]>c used to sliow 
how large are the forces exerted in capillarity. 

This instrument is designed to measure the amount of eva- 
poration from a wetted surface (Heat, p. 320) ; a bull) of 
‘biscuit’ clay, into Avhich is luted a lf)ng glass tube, is filled 
with water and inverted into water. If instead tln^ tube stands 
in a vessel of mercury ; as the Avater evaporattis the mercury 
will rise to take its jdace. The capillaiity of the fine pores or 
tension of the small w^ater surfaces at the end of them draws up 
the mercury until, as evaporation proceeds, the column stands at 
a height of 760 mm. (29 *92 in.) above the surface of the basin. 
The experiment shows that the molecular forces exert a tension 
greater than the atmospheric pressure, but it cannot be measured, 
as this method cannot measure a tension greater than this. 



II 


EFFECT OF MOLECULAR FORCES 


129 


So far, the surface of liquids which ‘wet' solid substances 
and adhere to them has been described. Liquids which do not 
‘wet' a solid surface behave differently. In this case the 



Fij;. r>. Atiuomeiff. 

liquid appears to ha^ c a skin which leans against the ‘ un wetted ' 
surface. 

Fig. 6 shows in section the shape of the surfaces of mercury 
and water in a glass tube, or perhaps better of water in a clean 
tube, and also in one which has been lined with a film of 
vaseline. 

K 
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The surface of water in the ‘greasy’ tube B depressed 
below the surface of the water outside the tube, while the water 
in the ‘ wetted ’ tube A stands above the water outside. 

Correction must be made 
for capillarity in reading a baro- 
meter accurately, as the reading 
will be lower than it should be, 
markedly so with a tube of small 

Fijf. Capillarity : wctt«»l and bore. 

There arc many phenomena 
to which * capillary attraction ’ is ascril)ed as a cause. The I’ise 
of oil in the wick of a lamp is due to the surface-tension at 
the extremity of the fine pores existing between the twisted 
threads. The spread of water through a lump of sugar, the rise 
of sap in plants and trees, are due to capillarity. 

• A familiar expci’imcnt for showing the behaviour of wetted 
and unwetted surfaces is shown in section in Fig. 7. A 

_^0© — ©©-^©-© — ©KJ)' 

Fig. ".--Capillarity : pairs uf sph^n’s. 

number of painted cork lialls are weighted so as to fit Kit half 
immersed in a basin of water. The surfaces of some of them, 
A, B, E, H, are cleansed from any grease ; these are wetted by 
the >vate^, while f)thers, C, D, F, G, are covered with a film of 
vaseline, and are not ‘ wetted.’ 

Those pairs which are both wetted oi* unwetted attract one 
another, but a wetted IjhU and an un wetted ball re]x>l each 
other. 

Viscosity is the resistance offered by fluids to shearing stress. 
A perfect fluid offers no resistance, it is perfectly mobile ; it is 
not viscous. Viscosity varies with the nature of the fluid ; gases 
are very mobile, yet the viscosity of air is seen in the effect of 
wind in raising waves ; if air were not viscous, its passage over 
smooth water would have no such effect. The pressure of wind 
on sails ahd the resistance of the air to a bullet or falling bodies 
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exert forces, not wholly due to viscosity, hut to the change of 
momentum of the air displaced. An illustration of the viscosity 
of air has been given in Mechanics, Fig. 21, p. 45, the 
‘Guinea and feather experiment.’ By the behaviour of a coin 
and a feather in a tube from which the air has been exhausted, 
the slow motion of a light body when falling is shown to be 
due to the resistance of the air. 

Water Hammiui. — This is a tube (or tubes, as shown in Fig. 
8) which is half full of water, all the air having been lemoved 
by boiling before the tube was sealed with a 
blow-pipe. The water falls from end to end 
with a blow like a hammer, showing at once 
how little compressible water is, and how in 
ordinary circumstiinces the air cushions a 
fall. In both thcise experiments the vis 
cosity of the air is made evident by the 
unfamiliar effects which appear when air is 
absent. 

The viscosity of gases has not been <h‘- 
termined by experiments, but by calculation 
from dynamiciil considerations, particularly 
by the late Professor derk Maxwell. lb* 
says that viscosity of gas is m)t dependent 
on density, and that it increases with tiu' 
temperature ; also that hydi*ogen has half the ^’iseosifv of air, 
and that oxygen, ai?’, and carl>onic acid are viscous in descending 
order of magnitude. A piece of common experience illustrates 
this. When a gas pipe has been repaired, it is full of air, and 
when the tap is turned on the air rushes out first. The ear 
detects that the air has all come out by the softer sound made 
by the carburetted hydrogen, which shows that it offers less 
resistance. 

The coefficient of viscosity in a fluid is the tangential stress 
on 1 sq. cm. of each of two parallel surfaces 1 cm, apart, moving 
at the rate of 1 cm. per sec. 

The viscosity of liquids is greater than that of gases. The 




132 


PROPERTIES OF MATTER 


CHAP. 


following is a simple mode of comparing the viscosity of liquids. 
Fill a funnel up to a given mark with different liquids and 
observe the time taken by each liquid to run out. Spirits and 
mineral oils are very mobile ; water, mercury, > cgetable and fi.sh 
oils are not very viscous ; glycerine, treacle, tar and pitch much 
more so. The time element in viscosity must be noticed ; if a 
stick of sealing-wax be unsupported except at its ends, it sags 
and falls in time ; a thin piece of wood, which breaks much mort* 
easily, would not perceptibly sag more after the lapse of a day ; 
it is a solid, while the sealing-wax is a very viscous liquid. 
Pitch flows more <juickly than most people imagine; a cask of 
pitch left one night on the laboratory floor (without the cork) 
had by the morning spread over the flooi’ and swallowed up 
the loose articles left about. A stream of pitch flowing out 
of the open bung-hole of a ca.sk left standing on its entl in a 
dockyard had the appearance of a stream of ink instantaneously 
frozen. Pitch has, however, a certain number of the character- 
istics of a solid, and has to be treated as an exception to most 
general laws. 

If small basins be filled with any of the licpiids mentioned 
alK)vc (except pitch), a smart blow on the side with a w(»odeii 
mallet causes ripples oit the surface. Tlu^ siz(5 and duration of 
these ripples afford a measure of ^iscosity. 

The viscosity of li<iuid diminishes rapidly with a rise of 
temperature. Poiseuille has calculated the coctticient of viscosity 
of w^ater in C.G.S. units at 0°, *018 ; at lO"’, *013 ; at 20°, *010. 

Porosity of bodies is the fact thjit in every body theic are 
pores and sjmees in the subsUince which arc not visible to the 
naked eye. Some l)odies, such as coke, sponge, and cork, have 
large visible holes in them. This is not what is meant by the 
term ‘ porosity ^ in Physics. Substances, such as gold, silver, 
iron, lead, etc., which appcfir close-grained are nevertheless 
porous in the sense that their molecular structure is not continu- 
ous, and there are interstices which can be occupied by other 
matter. 

Expeltiments were made at an early date to find out 
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whether water is incompressible; they failed because of the 
porosity of the containing vessel. Bacon s(|ueezecl and ham- 
mered a leaden shell full of water, but the water came through 
the lead. The Florentine Academicians tried the same experi- 
ment with a globe of silver; and, finding that the water 
oozed through, they had it thickly gilded, only to find gold 
porous also. 

Hot iron is veiy porous to carl)onic acid ; a fact which should 
be remembered, as this gas is poisonous, and, ])eing given off in 
large volumes from burning coal and coke, is a source of danger 
in an unvcntilated room with a stove. Platinum when heated is 
])ervious to hydiogcn. 

‘ The interj)enetration of two liquids, such as alcohol and water, 
or sugar-syrup and water, is often chosen as an example of the 
porosity of li(piids. If a tumbler be ‘ brim full ' of warm water, 
a large amount of sugar may be dissolved in it with care \nthout 
its o\'erflowing. 

A mixture of '27 parts of water and 23 parts of alcohol 
occupies 48*8 parts instead of oO ; but the temperature of the 
mixture is 8^ C. a])ov(* that of the original liquids. A rise of 
temperature is a sign of chemical action, and eases of absorption 
of fluids by liquids and solids must be (pioted with caution as 
instiinces of })or()sity. 

What has been said of the structure of gases might lead to 
the conclusion that they were the most porous of bodies. 
Porosity is the fact that two bodies may occupy a spice which 
is less than the sum of« their ilimeusions owing to one pene- 
trating the pores of the other. The dimensions of a gas are its 
pressure and volume. 

Gases, then, are not ‘ porous ’ ; if equal volumes of gas at 
different pressures be mixed in a vessel of equal volume, the 
pressure of the mixture is the sum of the separate pressures. 

Porosity is used in various ways ; especially for purifying 
liquids by straining them through the pores of substances. 
Blotting-paper filters are largely used by chemists. In the sili- 
cated carbon filter (Fig. 9) the water is strained tlAough the 
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pores of the l)lock which the arrows are seen to traverse. The 
block c.‘in })e removed and cleaned. 

Compressibility is the property of bodies in virtue of which 

they may be induced by pres- 
sure to occupy a smaller 
volume. Compression would 
)»e impossible but for jK)rosity. 
If a body, all of whose volume 
is occupied by matter, were 
compressed, matter would be 
obliged to oriUn* s})ace already 
occupied by matter. 

The structure of bodies 
which has been described, viz. 
their composition of molecules 
in motion, agrees with the 
o])serv(?d facts of compression. 

<bist?s are called compremhU 
jluid.% because the pennanent 
gasi^s, oxygen, nitrogen, hy- 
Fig. o.-SiUcaUHi carbon liitt r. drogfui, ctc., yield SO easily to 

pressure. If a jdunger fit air-tight into a closed glass cylinder 
(Fig. It)),, it can be forced jfito the tube so as to compress the air 
to any extent, and it rebounds when rele^ised. This experiment 
shows thht air is compress- 
ible. The volume of a gas 
depends on the pressure 
and temperature of the 




Ki”. JU. syruigc. 


gas. A gramme of air occupies 769 cub. cm. and a gramme of 
hydrogen 1160 cub. cm. at a temperature of 0” C. and the 
ordinary pressure of the atmosphere ; but at* any other pressure 
the volumes occupied are different, if the tempeniturc remain 
the same. The law of Compressibility of Cases was published 
by Boyle in 1660, and by Marriotte, without referring to 
Boyle’s discovery, in 1679. The subject is further discussed in 
Hydrost^atics, Chap. III., and IIkat, Chap. IL 
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Liquids are called incompressible fluids^ in contradistinction to 
gases, because gases yield so easily to pressure, while it is only 
under great pressures that there is any perceptible compression 
of liquids. For a long time water was believed to be incom- 
pressible; the experiments of Bacon and of the Florentine 
Academicians referred to above, as showing the porosity 
of Jpad, silver, and gold, were held to prove that water is 
incompressible. 

Oerstedt’s Piezometer shows the compression of water qf 
of any liquid very plainly. 

The water or liquid to be 
experimented on is con- 
tained in the tube A (Fig. 

11), which is drawn out 
into a tine curved tul)e 
with a bend at B, in which 
is some mercury. The 
whole is placed in a vessel 
with thick glass sides filled 
with water by the funnel 
F. Pressure is brought to 
l>ear on this water by the 
screw S acting on a plunger 
in the strong cylinder P. 

As there is the siime pres- 
sure on the outside and 
inside of the tube A th^re 
is no danger of breaking 
it, and the liquid in iti. is piezometer, 

compressed, as is shown by the movement of the mqfcury at B. 
The amount of the pressure is measured by the compression of 
the air sealed into the tube XY by a thread of mercury. The 
mercury r^hes the mark half-way between X and Y, w'heii an 
additional pressure of one atmosphere is put on by the screw. 
As the glass of the tube A is also compressible, allov^uce must 
j be made for this. It is found that water is compressible to the 
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extent of *00005 of its volume for every atmosphere of* pressure. 
Amagat has used pressures reaching 4000 atmospheres, con- 
cluding that water at 0° C. cannot bo reduced to less than *7 of' 
its volume. 

Specimens of deep-sea life are obtained by securing water 
from a depth of 3000 fathoms; provision must bo made for 
a considerable expansion of the water when it reaches^ the 
surface. 

Solids are in general less compressible than liquids; but 
mercury is less compressible than glass and must be classed 
with solids. India-rubber is a very compressible solid. The 
compressibility of a solid has much to do with its elasticity, and 
for this reason the subject is l>ctter discussed later under the 
head of Elasticity. 

The Coefficient of Compressibility is the (piotient of tlio pressure 
by the compression, i,e. by the ratio of the change of volume to 
the original volume. 

Compressi])ility is not the s^ime as the strength of a material to 
resist a compressive stress. This is called in engineering books 
the ‘ crushing strain ’ ^ or * crushing weight,^ and depends on 
cohesion. 

Cohesion {HL clinging together) is the power of the njolecular 
attractions to hold together parts of the same body or difterent 
bodies in^close contact. A distinction is sometimes made be- 
tween cohesion and adhesion, the former l>cing restricted to the 
molecular attractions inside a body and the latter to the attrac- 
tion between two different l>odic.s. Morecular forces act sensibly 
when the molecules are not separated by sensible distances; 
-this can be shown by experiments. 

Two c^t-iron plates, called ‘surface plates,' whose surfaces 
have been planed and scraped till they are- as smooth as can 
possibly be, are placed the one on the other. When they are 
pressed together to exclude the air it is found that they adhere 
(Fig. 12) so firmly that they can support a considerable weight. 
That this, is not due to atmospheric pressure, as with a boy's 

' Unfortunately, practical men often use the word Hrain for strenit. 
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sucker (BLyurostatics, p. 227), can be shown by suspending 
them under the receiver of an IEir>pump ; the same weight is 
supported when the air is exhausted. 

Graphite, the ‘ black lead ' of which pencils are made, is 
reduced to fine powder and compressed. The particles are 
brought so close together by strong pressure that the molecular 
forces constrain them to form a solid mass. When machine 
shafting is revolving under great pressure, if lubrication is 
deficient, metal may strip off from the shaft or the bearing, 
owing to cohesion. This has 
occurred in the case of a vessel’s 
screw shaft. 

When metals are joined by 
soldering, brazing, or welding, 
the strength of the joint depends 
on cohesion. 

Cohesion between parts of 
the same lx>d\' is the cause of 
the strength of mateiials ; this 
is classed under the hciids Tensile 
Streiiglhy Crushing Weighty and 
Transverse Strengthy and is found 
in any engineering hand-book, 
such as Molesworth’s Pocket-Book. Materials differ very much 
in their strength to resist elongation and compression. For 
example, cast-iron has a small ‘tensile strength' and a large 
‘crushing weight,’ while vTought-iron has a large ‘tensile 
strength ' and a small ‘ crushing M^eight.' 

A light girder for carrying heavy weights may advantageously . 
be construct^ of cast-iron in the upper part, where it is subject 
to compression ; and of wrought-iron in the lower part, where it 
is subject to tensile stress. 

The molecular structure of bodies gives them a different 
capacity for withstanding both compressive and tensile stresses 
in different directions of the material. 

Wrought-iron has a* ‘grain' which is similar to thiit of wood 
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Both wood and wroiight-iron are stronger in the direction of the 
grain than across it. 

Hardness of solids is their cajmcity for resisting scratching. 
It is usually measured by a scale of substances in the order of 
their power to scnatch one another, beginning with the diamond, 
which is the hardest known substance. 


8calk of Hardness. 


10. Diamond 
9. 

8. Topaz 
7. Quartz 
6. Felspar 


Apatite 
4. Kluor-sjiar 
.‘i. Calc-spar 
2. Rock-salt 
1. Talc 


Hard substances arc usually the most brittle or rciidy to 
disintegrate under blows, a.s explained in Mechanics (p. r>4). 

Tenacity is the ability id a solid to witljstaiid longitudinal 
stress, and is measured by the greatest force it can bear per unit 
of area without tearing asunder. 

Wrought-iron has more tenacity than cast-iron ; the most 
tenacious metal is steel pianoforte wire. 

Rigidity is the ca|>acity of a body to resist change of form — 
distortion. The coefficient of rigidity of a body is the quotient 
of the shearing stress by the distortion, measured by the change 
of one of its angles. The following values are given by Lord 
Kelvin in ^.G.8. units. 


, Glass . 

150 

Brass . 

350 

Copjwr 

4 50 


Iron (cast) . 

.M‘2 

Iron (wTouglu) . 

785 

Steel (tool) . 

834 


“ If the earth jis a whole were not more rigid than a ball of 
glass of equal size, the attraction of the moon and sun would 
pull it out of sliape and raise tides on the suiiace ” (Kelvin), 
Dr. Hecker of Potsdam estimates the rigidity of the earth at 
676, and has measured the semidiurnal tide as 6 or 7 inches. 

Elasticity of a body is that property in virtue of which a 
body requires force to change its bulk or shape, and requires a 
continued ap[)lication of force to maintain the change, and springs 



II 


EFFECT OF MOLECULAR FORCES 


1S9 


back when the force is removed, and if left at rest without the 
force does not remain at rest except in its previous bulk and 
shape.” This definition is taken from the article by Lord 
Kelvin on ‘ Elasticity ^ in the Emy. which is an exhaustive 
treatise on the subject. 

Compressibility and Tenacity are the qualities which com- 
bine to make a Ixidy elastic, two qualities which are observable 
in the very elastic substance india-rubber. 

Fluids have no tenacity, so that they can only show elasticity 
when compressed. Liquids or gases are perfectly elastic in 
volume ; in ordinary circumstances they regain their volume 
after compression, when the compressive stress is removed. 

An air bed or cushion does not transmit any jar or concussion 
to a patient who is being carried on it, for any impact compresses 
the air and spreads the impulsive force over the whole area of 
the cushion. A pneumatic tyre acts in the same way, and pre- 
vents any jar from unevenness of the road. 

In addition to showing elasticity when compressed, solids 
can also, in consetpience of their tenacity, show elasticity when 
elongated. 

In consequence of their ligidity, solids show elasticity of 
shear under Torsion and Flexure. 

Elasticity of Torsion is the capacity which a rod or stretched 
wire hits to recover its form after being twisted. The force 
resisting torsion varies as the angle of twist and tlui diameter 
directly, and inversely as the length. 

Elasticity of Flexuri^is the capicity of a stiaight rod or plank 
to recover itself 'when fastened at one end and bent by applying a 
force at the other end. 

In 167^ Hooke conducted a series of experiments on elasticity, 
the results of which he combined in the rule Change of form is 
‘proportimud to force causing if. This law is the one which is per- 
haps unconsciously applied in most of our pmctical uses of 
Elasticity. Carriage springs, bows, spring Imlances, billiard balls 
are familiar examples of the use of elasticity, in which we rely on 
elastic bodies to exert a larger force, when there is mors distortion. 
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Hooke uses the word ‘ force ’ for stress here, and ;t is almost 
impossible to avoid using it sometimes in that sense, inaccuracy 
being avoided by comparing the forces on the same area. The 
following useful experiment illustrates Hooke’s Law, and also 
serves to impress on the mind the fact that stress is measured 
by force exerfed per unit area. 

Strips of vulcanised rubber i inch (2 cm.) scpiare in section, 
and about 2 ft. long, are provided with hooks at each end. They 
can then be stretched between two frames fitted with eyes, as 
shown in Fig. 13. 

Fii'st, to illustrate Hooke’s Law. One or two strips arc 



Fig. 13. — Illustration of tensile .stress. 


stretched by a weight of 1 lb. and the extensioii measured ; 
another 11). is then added, and the extension is fnund to be 
twice the* former, and so on, showing that extension varies as 
stress. 

Secondly, to illustrate the measui^ment of tei sile stress. 
If 1 lb. extends one str ip one inch, 4 lb. will extend four strips 
1 inch, and 9 lb. will extend nine strips 1 inch ; the actual 
extensions are not of course even numbers, but ar’e hi these pro- 
portions. The four or nine strips may be bound together to 
make one strip, of which the sectional area depernls on the 
number of the component strips. Such experiments clearly 
show that to produce a given deformation, a stress rnu;.'^ exert a 
force proportional to the area. \ 

Hooked experiments tested the different kinds of ehiisticity : 
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(1) by .‘i yertical rod stretched or compressed; (2) by a hori- 
zontal wire stretched by a weight in the middle ; (3) by a hori- 
zontal plank fixed at one end and weighted at the other, (4) and 
with fixed ends weighted at the middle ; (5) by a spiral spring 
extended by weights ; (6) by a wire or rod fixed at one end and 
twisted at the other end. 


These experiments tested elasticity of compression, (elongation, 
torsion, and flexure. 

A liall bounces in consequence of its elasticity. Two balls, 
one of steel and the other of glass, are allowed to fall on a smooth 
steel plate, which has been slightly greased ; well-defined circles 
are marked on the grease 
(Fig. 1 4), showing that the 
balls have been compressed ; _ 

their elasticity is shown by ^ 

their recovery of shape. At ^ ^***^^-- 

the moment of impact the 

ball has a kinetic energy, 
and it does work thi*ough " 
the distance by which the 

ball is cfjm pressed against - -=~ 

■ 1 p i* 1 Fi^. M.—Houficiuj; balls. 

the force which opposes 

compression. After rest, the elasticity of compression exerts a 
force through the distance of compression, which impai'ts an 
e(jual energy to the ball. The steel ])late exerts the ccympressive 
stress on the ball. 


The Lindt of Elasticity is the greatest stress for wliich Hooke’s 
law holds ; if a greater stress be applied to a body, it either 
breaks or anyhow is incapable of regaining its original shape. 

The Fatigue of Elasticity is a term invented to convey the 
fact that a long continuance in action of any stress or motion 
which changes the shape of a body will permanently alter its 
shape, even though the stress be less than the limit of elasticity. 
This may be called Viscosity of Solids. The internal arrange- 
ment of the molecules and their relative movements adjust 
themselves in accordance with the new conditions. The torsion 
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of a stretched wire is a form of elasticity very frequently made 
use of in scientific ^investigations. Lord Kelvin showed, from 
the behaviour of a wire, that changes of torsion caused by con- 
tinued oscillation diminish the elasticity of torsion by one-half. 

This alteration of molecular structure and cohesion affects the 
strength of materials, and the subject is full of interest to the 
engineer and mechanician, who are obliged to make provision for 
it in estimating the ‘ safe working load ^ of any structure. The 
strength of bridges and rails may be affected by the continued 
passage of traffic. 

The subject cannot be fiu-ther pursued, but one curious 
feature connected with it receives illustration in the following 
experiment, described by Lord Kelvin. 

A wire stretched by a weight w^as twisted from a position of 
equilibrium through a quarter of a circle ; after being kept in 
that position for six months, it was then twisted back past the 
position of equilibrium through a right angle in the other direc- 
tion, AVhen released, it first turned back nearly to its six 
months’ position, and then very slowly began to turn back 
again to the original position of equilibrium, just as if it had a 
memory. 

Solids only gradually regain their shape when distorted, and 
the time during which an impact, such as that of the glass and. 
steel balls, lasts, can be measured with the aid of instruments 
of precisicMi, and the compressions photographed and measured. 

Both the forces and the intervals of time are finite quantities, 
and this must be borne in mind in connection with the subject 
of impulses treated of in Mechanics, p. 34. 

It is convenient to deal with the changes in momentum 
before and after impact instead of dealing with the forces, but 
momentum must not be considered as changed instantaneously. 

The uses of elasticity are manifold. The main-springs and 
hair-springs of watches are substitutes for the weights and 
pendulum of the clock, and make it possible for the watch to go^ 
in any position, by substituting forces in any direction for the 
vertical forties of gravity. 
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Plasticity. — In so far as bodies are not elastic they are called 
plastic ; they require force to change their bulk or shape, but 
they do not require a continued application of force to maintain 
the change, as they remain in the new shape. Bodies are 
elastic up to the limit of elasticity, and then they are plastic ; 
and bodies are classed as elastic or plastic according as their 
limit of elasticity is large or small. 

A bar of lead will vibrate, showing that it has elasticity, still 
lead has a small limit of elasticity, and is classed as a plastic 
metal. 

For the matter of that, a piece of pitch will vibrate when 
struck; it has considerable tenacity, though it is classed as a 
viscous liquid. 

Malleability is the capacity of a metal to endure being thinned 
out by hammering. It is a property which is possessed by 
metals to a varying degree, some of them, such as antiniony, 
breaking up under the hammer. The property is much used 
in manufactures of the metals as follows : — 

The thinness of gold-leaf has been referred to. Tinfoil is 
an alloy of lead and tin beaten thin. Tin-plate or block-tin is 
sheet-iron covered with tin. Zinc, silver, and copper are used 
ill the sheet form, either hammered or rolled. Platinum-foil is 
used for electric batteries. 

Malleable Cast-iron , — Iron castings may be made less brittle by 
heating them for some hours with black iron oxide.* During 
the process part of the carbon is removed from the cast-iron, so 
that it partakes of the nature of wrought-iron. 

Ductility is the capacity of a metal for being drawn out into 
a wire through a draw-plate. Fine platinum wire has been 
mentioned. Silver, iron, copper, and gold are all well known in 
the form of wire ; zinc and tin hardly ever. Lead, which is the 
most plastic of metals and is very malleable, is the least ductile. 

Tenacity is the leading feature in ductility. Lead has the 
l^st tenacity of all metals, and it is the least ductile ; aluminium 
bronze has a high tenacity, and it is on this account used for 
telegraph wires when a long span is necessary. 
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Steel wire of the highest class is the most tenacious, however, 
and so it is used in Sir William Thomson's sounding machine, 
where the wire is subjected to a very heavy stress,^ as it is 
hauled in at a high speed. 

'When a solid is heated, the molecular forces are weakened, 
owing to the increase of molecular energy. In consequence, 
cohesion and those capacities which depend on it are diminished 
by heat. Plasticity is increased ; metals aiH3 rolled and hammered 
into shape more easily when heated. At a temperature but 
little below the melting point glass and quartz can be drawn out 
into threads of extreme fineness. 

Diffusion is the spreading of one fluid in afJbther. The 
diffusion of gases affords the clearest proof of what has been 
described as * the Kinetic Theory ’ of gases (p. 1 1 9). If two 
vessels, filled with different gases but at the same pressure and 
temperature, be placed in communicjition, the two gases will 
interperi:trate one another. Experiment shows that the rate of 
diffusion varies as the square root of the densities of the gases, 
thus supporting the Kinetic Theory. The theory explains the 
behaviour of gases as due to the rapid motion of translation of 
their molecules. Two gases being at the same pressure, the 
momentum of molecules crossing a unit of area is equal in both ; 
the temperature being the same in both, the mean kinetic energy 
of their individual molecules is equal. It follows that the mean 
velocity Df molecules in each is inversely proportional to the 
square root (of the mass of the molecules per unit of volume, 
that is) of their densities. Now the velocity of the molecules 
causes the diffusion, for the molecules are thus carried across 
the plane of separation, if no actual barrier exists ; the rate of 
diffusion depends on the velocity of the molecules. Oxygen 
having sixteen times the density of hydrogen, the latter diffuses 

at four times the rate of oxygen. 

* 

^ Any practical man would say * strain ’ here. 

N.B . — The inventions of Lord Kelvin, especially those invaluable to sea- 
men, were universally known by his name, Sir William Thomson, before his 
elevation to the peerage. 
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When a gas at constant pressure escapes into a vacuum 
through a very small opening in a thin plate, the effect is called 
Effusion, This is another example which supports the Kinetic 
Theory. The rate of effusion varies inversely as the square 
root of the density, and this agrees with the theory as before. 

The diffusion of liquids is less rapid. Some liquids, such as 
oil and water, do not mix at all ; some, such as ether and water, 
mix only partially, in which case the lighter liquid mixed 
with some of the heavier, floats on the heavier liquid, mixed with 
some portion of the lighter. When salts of different kinds are 
dissolved in water, the spread of such solutions in water is an 
instance of omusion. Graham conducted many experiments on 
diffusion by jdacing different solutions in equal glass jars, and 
allowing them to diffuse into equal vessels of water. When 
the now laboratory of Glasgow University was furnished. Lord 
Kelvin set up a long tube filled with water and with copper 
sulphate crystals at the bottom. This secular experiment on 
diffusion has been in process since the year 1870. The S. G. 
l)ulbs of Wilson (Hydrostatics, p. 209) are used to measure the 
concentration of solutions during the process of diffusion. Ex- 
periment here again supports the dynamical theory in showing 
that the rate of diffusion varies as the ‘ gradient of concentration,' 
that is as the change per unit of length in the quantity dissolved 
per unit volume. This was one of Graham’s discoveries. 

Colloids and Crystalloids. — Graham also divided sul^stances 
with reference to their capacity for diffusion into Crystalloids, 
such as metallic salts, sugar, etc., which dissolve and diffuse 
easily ; and Colloids, such as glue, gelatine, starch, etc., which 
dissolve and diffuse more slowly, and not in definite proportions, 
as is the case with Crystalloids. 

Osmose. — If two liquids which will mix are separated by a 
membrane, diffusion takes place through the membrane, and is 
then called Osmose, Early observers had noticed that if a bladder 
be filled with alcohol and placed in water, the liquids mix 
through the bladder ; the water passes more rapidly than 
alcohol through the bladder and bursts it. The rate o^ osmotic 

L 
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diffusion varies with the nature of the liquid and also with the 
temperature. Osmose is confined to crystalloids, since colloids 
will not pass through a membrane ; the two kinds of substances 
can be thus distinguished. Also a colloid and a crystalloid may 
be separated by placing the mixture in a membranous container, 
the crystalloid will pass through the colloid by diffusion, and 
then through the membrane. Jelly may be concentrated by 
putting it in a clean bladder or a wash-leather bag, when the 
water will ooze through the membrane. 

There is also the passage of fluids through a porous diaphragm, 
such as unglazed earthenware ; in the case of gases this is called 
Atmolysi^, The term Atmolysis really means the separation of 
two different gases when the mixture is in contact with a 
porous container. The less dense gas passes through more 
quickly, the same rule applying as ])efore, and the gases ai’e 
thus separated. 

Carbonic acid gas passes through the cast-iron of a stove, as 
referred to above (Pm'osity). This is by some classed as a 
chemical action, the gas combining on one side with the iron 
and being set free on the other ; as may be the case with gas 
passing through an india-i'ubber division, or with the well- 
known instance of a soap bubble blown with carbonic acid. 
Here the action is probably chemical, and beyond the range of 
Physics. 
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Fltttd Pressure 

The Pressure of the Atiiiosjihere — Torricellian Experiment — Pressure Varies 
with Depth — Fluid Pressure — Hydrostatics and Pneumatics- -Pressure 
at a Point — Head — Measurement of Pressure at a Point — Vacuum — 
Manometers — Liquid Manometers — Standard Pressure. 

The Pressure of the Atmosphere is the most widely extended 
of all fluid pressures^ yet its existence was not suspected by th(^ 
eatly philosophers, and its discovery has a personal history. 
Certain effects of the atmospheric pressure had been observed, 
but their causes had not been ascertained ; for instance, that 
water rises to follow the plunger of a pump was held to show 
that ‘Nature abhors a vacuum.’ In 1642 the philosopher 
Galileo was appealed to for an explanation of the failure of some 
pumps erected in tht*- gardens of the Duke of Tuscany. They 
Avere designed to di'aw Avater from a depth of 50 feet ; the water 
rose about 30 feet, but Avould rise no higher ; evidently Nature’s 
abhori’ence had its limits Galileo seems to haA^e indicated to 
his pupil Torricelli the probable explanation, but he died Avith- 
out being aide to prove it. Torricelli, taking up the question, 
argued that if water rose to a height of about 30 feet, mercury, 
being 13i times as heavy, must rise to a height of about 27 
inches. After trying the experiment Avith a plunger in a tube, 
he arrived at the experiment Avhich is knoAvn by his name. 

The Torricellian Experiment. — A glass tube closed at one 
end is filled Avith mercury and inverted in a basin of the same 
(Fig. 1). The mercury sinks in the tube until the height of the 
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column is about 30 in. above the surface of the mercury in the 
basin. This experiment, first conducted by Torricelli in 1643, 
seems to have carried conviction with it. The apparatus could 
be placed on a table and studied ; here was a heavy column of 
mercury standing, to all appearance, unsupported. And when 



Fig. 1.— Torricellian experiinenl. 


the reason for its so standing was studied, in what way did the 
surface of mercury inside the tube difier from the surface of 
mercury outside of it ? Only in one feature, there was no air 
in contact with it. It must then be to the pressure of the air 
that the support of the column was due. 

The pressure of the atmosphere was for the first time shown 
in the Torricellian experiment. 
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Pressure Varies with Depth. — The earliest observers saw 
that the cause of the pressure of the air must be the same as 
the cause of the pressure of water, viz. the weight of the fluid 
itself. Torricelli himself observed this, but he died in 1647, 
before he had the opportunity of submitting the problem to a 
test. 

This test Pascal undertook. He carried the Torricellian tube 
to diflerent elevations, and found that the length of the column 
of mercury supported by the atmosphere decreased as he as- 
cended. In 1648 two observations were made by him, one of 
them at the foot of the Puy de Dome, and the other at the top, 
a height of 3565 ft. The mercury column stood at 28 in. 
at the bottom and 24*7 in. at the top. Pascal then carried the 
tube d6wn from the top and observed the mercury gradually 
rise, until it was ecjual in height to that in the tube whi(;b had 
remained at the bottom.’ 

In this way the connection of the pressure of the atmosphere 
with its weight was clearly shown. And so in these six years 
three men in succession were found to continue this investiga- 
tion on the other’s death ; and the philosophers of that and all 
succeeding time abandoned their old beliefs that the atmosphere 
extended to the moon, and that ‘^Nature abhors a vacuum.’ 

Fluid Pressure. — A fluid difters from a solid in this respect, 
that a perfect fluid offers no resistance to shearing stress, while 
fi solid does. A perfect fluid can only exert pressure Bormal to 
any surface in contact with it. Water and aii*, the examples 
of liquid and gas most Jre<iucntly met with and generally used 
in experiments, arc not perfect fluids; they are to a certain extent 
‘ nsmis,^ Yet it is a matter of common experience that they 
mainly exert a direct thrust or pressure on a solid body. When 
diving into water, the hands should cleave the water and the 
body follow, without any part coming flat on the surface. Water 
offers a considerable resistance to any body meeting its surface 
flatly, little to a knife slicing through it. It is the same with air. 
The resistance offered by the air to a cyclist’s motion much 
retards him; the 24-hr. record of G. Huret (1896) -was made 
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behind a tandem with a wind shield, by which means the rider 
was relieved of the front pressure. 

In Hydrostatics . fluids are treated of as being perfectly 
‘ mobile,’ i.e, having no viscosity and exerting no sideways thrust 
on any surface, but only a normal pressure. 

Hydrostatics and Pneumatics. — Fluids are of two kinds — 
liquids and gases ; water is the familiar example of a liquid and 
air of a gas. Both air and water press against everything they 
touch, and this pressure is the only way in which they can exert 
force. Also, gravity excej)ted, pressure is the only form of force 
which can be exerted on them.^ 

For this reason, when a fluid mass is in equilibrium or when 
the forces which a fluid exerts on a solid are in equilibrium with 
other forces, the general conditions must be the same whether 
the fluid be a liquid or a gas. The study of these conditions 
is called HYDROSTATICS. The equilibrium of gases used to 
be studied under the name of Pneumatics (TTrer/m, ptenma, a 
breath) ; Hydrostatics {v8u)py h/dory water) being then the study 
of liquid equilibrium alone. There is an evident advantage in 
treating of them both together, as repetition is avoided. 

Pressure at a Point. — Ho^vever fluid pressure may vary from 
point to point in a fluid, there is at a point in it a definite fluid 
pressure. The intensity of the pressure at a point is measured 
by supposing pressure equal to it to be exerted uniformly over 
a unit of/ area — the force or thrust across unit area is called the 
pressui*e at the point. 

Fluid Pressure is measured hi/ the forq^ exerted pr unit of area. 

For instance, the atmospheric pressure supports a column of 
mercury about 30 in. high in the Torricellian tube. If the 
internal section of the tube be one sq. in. in area, the pressure is 
equal to the weight of 30 cub. in. of mercury, about 15 lbs., 
on the sq. in. 

Head is a convenient term for pressure due to or balanced 

^ Prof. Worthington’s ‘ negative jjressure ’ is included in this statement, 
though this is due to molecular forces, and tlierefore, not included in Hydro- 
statics. 
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by the weight of a liquid. For example, the atmospheric 
pressure is equal to ‘a head^ of 30 in. of mercury or 34 ft. of 
water. The weight of 30 cub. in. of mercury or 408 cub. in. 
of water pressing on a scp in. balances the pressure of the atmo- 
sphere on a sq. in. 



Fi^. 2.— Pressure instrument. 

In this chapter the Huid pressure is supposed to l.)e uniform 
throughout the mass of fluid treated of. When this is the case 
the expressions — ‘the pressure on a fluid, ^ ‘the pressure of a 
fluid,’ and ‘ the pressure in ’ or ‘ at a point in a fluid ’ all have the 
same meaning,-:~are different names for the same pressure. 

Measurement of Pressure at a Point. — In a fluid at rest 
the force exerted by the fluid pressure on any area in ‘’ the fluid 
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is met by equal force in the opposite direction across the area. 
Consequently the pressure in any direction can only be per- 
ceived by removing all the fluid from one side of an area and 
measuring the force which the liquid exerts on the other side. 

The instrument shown in Fig. 2 does this. Eeferring to the 
section of the instrument in Fig. 3, the piston A is made 
to fit truly to the end of the cylinder C, so that when the tap 
T is closed and A is at the end there is no space left there 
for any fluid. The whole apparatus being immersed in any 
fluid — r.r/. air, water, or oil, so long as the tap is open the 
piston can be freely moved about in the cylinder, the friction 
being the force indicated on the spring balance B when the 
piston is moved either way by the screw S. The balance records 
no force due to fluid pressure, because this acts equally on both 



sides of the piston. But when the piston A is at the end, and 
the tap is closed there is on th(j lower side of tlie ])iston no fluid 
and coKsequently no fluid pressure. Then, as the piston is 
moved by the screw S, the fluid pressure on one side of the 
piston is not opposed by other pressure, and the force which it 
exerts compresses the spring balance and is measured. The 
reading of the spring l)alance is taken as the piston is moved 
outward, then the screw S is reversed, and the force is read as 
€he piston descends. The mean of these two forces is the pro- 
duct of the area of the piston and the pressure on it ; the diflPer- 
ence between the forces is due to the friction. 

There is a ring of oil in the groove round the piston, which 
reduces friction and keeps fluid from entering the cylinder. 

This* instrument shows the pressure existing in any fluid. 
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It shows that at any point in the open air there is a pressure of 
about 15 lbs. on a sq. in., or a megadyne on a sq. cm., due to the 
Pressure of tJie Atmosphere, 

Vacuum is an empty space ; a space in which there is no 
air, vapour, or gas of any kind is said to bo ‘ a perfect vmuum' 
The expression ‘ A^acunm ' is, however, used >>y engineers to 
describe a space which contains air or vapour* at a pressure less 
than atmospheric pressure, and the expression needs explanation. 
The Torricellian vacuum at the top of a bai-omcter tube is a 
perfect vacuum except for tlui mercury vapour, which has an 
inappreciable pressure at ordinary temperatures. If the.re is a 
perfect vacuum in a condenser A and it is connected with the 
to}) of a vertical tulre BC dipping into a vessel of mercury C 
(Fig. 4), the mercury stands 
in the tube at a height of 
alrout 30 in. (76 cm.). A 
perfect vacuum is popularly 
said ‘ to support 30 in. of 
mercury,’ or is called * a 
vacuum of 30 ins.’ Also if 
there is a pressure of air 
or vapour in the condenser 
due to 3 in. of mercury, the 
column, as shown in the 
figure, only stands at 27 in. There is then said to be ‘iw vacuum 
of 27 in.’ or ‘a vacuum supportiiig 27 i?i.,’ and so on in 
the case of other press^ires smaller than atmospheric pres- 
sure. Vacuum gauges are graduated in this way ; the figures on 
the vacuum gauge D, reading from 0 to 30 in., give the height 
of the vertical column of mercury which the atmosphere woiild 
support in a tube communicating with the condenser or other 
vessel. 

Manometers. — Instruments for measuring fluid pressure are 
called Manometers or Pressure Ganges^ and they differ according to 
the amount of pressure whicb they are adapted to measure. 

For the measurement of high pressures, such as*- those in 
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use in steam machinery, Bourdon’s Pressure Gauge is 
employed. 

Referring to Fig. 5 ; A is a cock in a small pipe con- 
necting the gauge to the steam space in the boiler ; B is a bent 

tube of elliptical section, as 
shown, one end of which is 
joined to the cock and the 
other closed and free to move. 
This free end works a sector 
D and pinion E by means of 
the conm^cting link C. 1) is 
pivoted at its centre, and E 
carries a pointer F which 
revolves with it. 

When tin; steam pressure 
within the bent tube increases 
there is a tendency in the 
tul>e to straighten itself, owing 
to the elliptic form throughout 
the tube tending to becoiin*. 
this causes the sector to move, 
and the pointer to indicate the pressure on a scale. This scale 
is graduated in lbs. on the sq. in. from readings of a standard 
gauge under the same pressure as the gauge itself. 

A AJacuum Gauge used for measuring pressures less than 
that of the atmosphere is in construction similar to a Bourdon’s 
Pressure Gauge. The external atmospheric pressure causes the 
tube to become more curved as the internal pressure is reduced. 
It is graduated according to the column of mercury which would 
stand in a vertical tulpe communicating with the vacuum chamber. 

An Aneroid is used for measuring the atmospheric pressure 
at different times and places. It is described in connection 
with the subject of the atmospheric pressure (p. 221). 

Safety Valve. — In some sorts of safety valve the force 
exerted by a spring or the weight of a mass of metal resists the 
steam or ‘water-pressure until it exerts a certain force, when the 



Fig. 5.— Bourdon’s pressure gauge. 


circular under internal pressure ; 



f 


FLUID PRESSURE 


157 


steam or water escapes. A safety valve is a kind of pressure 
gauge, and the pressure of steam in a boiler may be measured by 
screwing up the spring until the steam is just escaping, when 
the force exerted can be read 
by the graduations. Or in 
the other form the weight P 
(Fig. 6) may be adjusted so 
as exactly to balance the ....... 

force exerted by the steam on 

V ; or the lever ACB of the safety valve may ))e treated like 
a Roman steel-yard (Mechanics, p. 67, Fig. 85), in which the 
weight P is moved along the lever to balance the pressure. 

Liquid Manometers are convenient because the liquid mass 
adjusts itself to the pressure. If there be liquid in a U-shaped 
tu})e, when there is more pressure on the liquid at one end than 
at the other, a column of liquid is supported whose weight per 




unit area of the tube is equal to the 
diflerence of the two pressures. 

Fig. 7 represents the Air-pres- 
SUIIE GAUGE fitted in the stoke-holds 
of vessels using forced draught. 
Coloured water is put in the tube, B 
is open to the stoke-hold, and C to 
the open air. M^hen there is pressure 
in the stoke-hold the watet* stiinds 
higher in AV than in AB, and the 
difference in the height is measured 
by the scale 1), which slides. The 
air i^ressure is read off in inches of 
water. An air pressure of 3*5 inches 
is about 2 oz.-weight on the sq. inch. 

Mercury Manometers. — Liquid 


Manometers used in experiments in Hydrostatics are usually 


filled with mercury, and by making a long enough vertical tube 


enormous pressures can be measured by a mercury manometer. 


In experiments conducted at the bottom of the St. Etie*iine mine 
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Amagat caused and measured pressures of 4000 atmospheres 
by means of a mercury manometer. 

The weight of a cubic in. of mercu^^ is *49 Ib.,^ and of a cub. 
cm. is 13,333 dynes. These numbers give the measurement of 
pressure due to a unit column of mercury in lbs. per sq. in. and 
jiynes per sq. cm. 

Siphon Gauge. — Fig. 8 represents a liquid manometer or 
pressure gauge for measuring low pressures in the exhausted 
receiver of an air-pump. There is no air at A, the closed end of 
the tube, and the mercury is forced to the end ])y the pressure 
of the atmosphere. When the pressuie is reduced at C, the 




Fij;. 1). — SiX)lion gauge ; exhausted repeiver. 


mercury falls to the bend as in Fig. 9 ; the difference in height 
l)etweerv.the columns gives the head or pressure in the exhausted 
receiA^er. 

Standard Pressure. — The atmospheric pressure varies at 
different places and times in various ways, which will be dis- 
cussed later (Chap. VI.). It is convenient to use its mean value 
as a standard pressure, called an Atmmphere, 

A column of mercury 29*922 in. (760 mm.) high is the 
accepted standard, ie. the column of mercury which is supported 
in a Torricellian tube by the atmosphere when at standard 
pressure. The mass of this columj^i of mercury of one sq. inch 
in section is 14*7 lbs., and of one sq. cm. in section is 1*0333 

1 Notice\ere the use of tlie ‘force of one pound’ (see Mechank^s, p. 50). 
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kilog. Its weight consequently exerts a force of 14-7' lbs. on 
each sq. in., and (at Paris) 1,013,800 dynes on each sq. cm. — a 
pressure which is called an AtnmpJiere, 

Since the weight of the standard column of mercury is 
different at different places it has been proposed to establish one 
million dynes per sq. cm. as the standard pressure of one 
atmosphere, 

’ See note on previous 2>age. 
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Laws of Fluids. — There are three fundamental principles of 
Hydrostatics, which we may call the Laws of Fluids, 

I. Fluid Pressure is normal to any surface exposed to it. 

II. Fluid Pressure at a point in a fluid at rest is of the same 
intensity in all directions. 

HI. Fluid Pressure is the same at all points in a fluid mass, 
neglecting the weight of the fluid. 

The first of these laws is a consequence of the nature of ‘ a 
perfect fluid,’ which is perfectly mobile and unable to withstand 
a shearing stress. A perfect liquid cannot exert a side-ways 
thrust on any surface, that is a thijist any part of which is 
parallel to the surface. 

This principle has been described and illustrated in what has 
gone before. 

The second is called Pascal’s Principle of the Equality of 
Fluid Pressure in all directions. It is capable of mathematical 
proof from the nature of a perfect fluid. 

It can be also illustrated by exjfbriments. 

1. If an empty bottle be corked and weighted so as to sink 
and then be lowered into deep water the cork will be forced in, 
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and this is equally the case whether the bottle be upright or 
inverted or on its side. 

2. The instrument described on p. 154 (Fig. 3) is mounted 
on a ball and socket joint, so that it can be turned to face in 
any direction. This instrument actually measures the pressure 
normal to the outer face 
of the piston. This pres- 
sure is seen to be the same 
in whatever direction the 
instrument is faced, show- 
ing that the intensity of 
the pressure at a point is 
the same in every direc- 
tion. 

3. Several U - tubes 
with a long and short arm 
have the opening of the 
shorter arms fashioned to 
open in different direc- 
tions, — upwards, down- 
wards, and sideways, the 
bend of the tubes con- 
taining an equal amomit 
of mercury. The tubes 
are lowered into a tall 
vessel of water (Fig. 10), 
and their openings are alf 
brought as nearly as pos- 
sible to the same point. 

The column of mercury 

^ , . , , Fig. 10.— Fascal’s pnnciple. 

stands in each at the 

same height, showing the pressure at the point to be the same 
in every direction. 

4. A plunger works freely in a glass cylinder opening out 
into a globe. At different parts of this globe are short tubes 
which open in all directions (Fig. 11). If the globe and 

M 
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cylinder be filled with liquid, when the plunger is pressed in 
the liquid spirts equally from every hole, showing the pressure 
to be equal in all directions. 

This experiment illustrates the third Law of Fluids rather 
than the second, as it shows the pressure exerted by the plunger 
to be equally transmitted throughout the fluid. 



Fig. 11. — Pascal’s principle. 


Small U - tubes containing mercury are sometimes fitted 
instead of mere holes ; then the apparatus may be filled with 
air or gas, showing the pressure in gas as well as in liquid to be 
equal in all directions; or if filled with liquid the equality 
of pressure is measured instead of making the liquid ‘spirt 
equally from the holes, ^ which is a little 
vague. 

Upward Pressure. — Experiments are 
devised to show the upward pressure of 
fluid. 

The lower end of a glass tube about 2 
in. (5 cm.) diameter is ground flat, so that 
it may be closed by a flat brass plate. 

At the centre of one side of the plate is 
a ring or hook, and if a string be fastened 
to the hook and passed through the glass 
tube, the plate can be kept against the end 
which has been ground flat. 

The tube thus closed is plunged into 
water, and so long as the top is kept above the surface no water 
will enter (Fig. 1 2). The string may then be left loose and yet 
the plate will not fall off ; the fluid exerts on the plate an upward 
force greater than its weight. 

If a similar glass tube closed at one end by a bladder or a 



Fig. 12.— Upward pressure. 
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piece of rubber be plunged into water, the membrane is pressed 
upwards by the liquid. 

The expression ‘upward pressure’ is often used, but it is 
misleading. The pressure at a point is as much upward as 
downward and equal in every direction, and 
a fluid exerts an equal force normal to a 
small area in whatever direction the normal 
may be. 

Transmlssibility of Fluid Pressure. — 

Supposing that a cylinder of wood be made 
to fit easily in a tall vessel and pressime be 
applied on the top by placing a piece of 
lead on it (Fig. 13), the weight of the 
lead exerts a force through the wood on 
the bottom of the vessel. This is the 
only force which the pressure exerts on 
the vessel, and it is equal to the weight 
of the lead and wood. 

But now suppose that, instead of the piece of wood, there 
had been water in the vessel and a flexible water-tight cover on 
it (Fig. 14). If the lead be placed on the 
cover, its weight not only exerts an equal 
force on the bottom but also exerts pressure 
at every point of the side of the vessel. 

This illustrates the difierence between 
pressure of one solid on another, which is 
a force in one definite direction, and fluid 
pressure, which is the same in every 
direction. Excluding the weight of the 
water, there is the same pressure at every 
point of the. water in the vessel ; its in- 
tensity is measured by the weight of the 
lead divided by the number of units of 
Fig. 14.— Pressure on a fluid. covor, and this pressure is 

exerted at every point of the sides and bottom of tl^e vessel 
formal to the surface there. 
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Owing to the transmissibility of pressure any force impressed 
on a fluid is multiplied. 

Hydrostatic Paradox. — If a closed vessel with j)lane sides be 
filled with fluid, and force be exerted on a small surface of the 
fluid, a force of equal magnitude is exerted on every equal area 
of the sides, and the force is thereby multiplied. In popular 
language, force, work, and power are not clearly distinguiAed, 
so that force is often confused with work. Now work and power 

cannot be increased by mechanical 
arrangements; and so it is con- 
sidered paradoxical that force should 
be multiplied by the agency of fluid 
in a machine. 

The Hydrostatic Bellows. — Two 

circular discs of wood are connected 
by a waterproof canvas cylinder 
forming a collapsible drum which 
will hold water (Fig. 15). To the 
lower disc is fastened a brass tube 
of small section which communicates 
with the inside of the drum. The 
brass tube has cemented on to it a 
glass tube and funnel standing ver- 
tically, and the drum is filled with 
water. Weights placed on the 
bellows cause the water to rise in 
the tube.* 

The head of water in the tube 
causes a pressure which impresses 
force on the water in the drum at the small area where the 
tube opens into it. This force is exerted on every equal area 
of the top disc, so that the water exerts a very great force on 
this disc, which will support a great weight. A man may «tand 
on the bellows and his weight be supported by a mere thread of 
water. * This is the Hydrostatic Paradox : — A very small amount 
of waiter cq/i he made to support any weighty however great 



Fig 15.— Hydrostatic bellows. 
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It is customary to describe an experiment in which a cask 
placed on end is filled with water and a small tube inserted in 
the head of the cask is led to a great height and also filled with 



Pig. 16. — Hydrostatic paradox. 


"Water. Here a small amount of water in the pipe should, in 
theory, exert such an enormous pressure on the cask as to burst 
its iron hoops. Experiments conducted on the upper deck of 
H.M.S. Britannia with an iron gas-pipe led up the foremast 
always caused great disappointment. The soundest; cask leaked 
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SO mucli underpressure that the column of water never stood 
high enough in the tube to give the pressure necessary to 
burst it. 

The instrument shown in Fig. 1 6 is designed to illustrate the 
hydrostatic paradox, and to prove the transmissibility of fluid 
pressure. The piston A, diam. 1 in., and the piston B, diam. 
2 in., both rest on fluid in cylinders which they fit closely, and 
which are joined by a tube. Force impressed on the pistons 
causes pressure in the fluid. The face-area of the piston B is 
four times that of A, and so whatever force is impressed on A 
must be exerted fourfold on B if the fluid transmits the pressure 
equally to all parts. This is seen to be the case ; 1 lb. suspended 
as P and resting on A supports 4 lbs. suspended as Q and resting 
on B. Neglecting friction a weight of 
1 lb. raises a weight of 4 lbs., which 
is ‘ a paradox.^ 

An index on each piston shows its 
rise and fall on a scale ; A is seen to 
move four times as much as B. The 
Principle of Work (Mechanics, Chap. 
VI.) applies to this simple hydraulic 
machine. The work done on the 
machine by P in moving A through 
1 in. is equal to the work done hy the 
machine at B in moving Q, which is 
four times P, through in. 

The Hydraulic Press or Bramah 
Press in one of its many forms is 
used to exert a great force. A strong 
piston or ‘ram’ P works in a very 
strong cylinder K (Fig. 17). A pipe 
communicates with the small cylinder 
of a force-pump with a piston Q, 
^ not shown, but of a similar shape to the ram. The ram P 
f^sually has an area many times that of Q, and any force im- 
pressed^ on Q is transmitted to each equal area on P; the press 



Fig. 17.— Bramah press. 
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exerts a force that number of times the force applied to the 

piston of the pump. A man applying a moderate force on the 

pump -piston Q can exert a very large force by means of the 
ram P. 

The Principle of Work applies to this as to other machines. 
The work done on the pump is equal to the work done by the 

press. The piston speed of the pump bears to the piston speed 

of the ram the same ratio that the area of the ram does to that 
of the pump. 

In order to avoid leakage between the ram of the press and 
the cylinder under very high pressure, the mp leather invented 
by Bramah is used. It consists of a circular piece of stout 
leather, saturated with oil so as to be impervious to water. A 
large central circular hole is cut in it; it is then bent, so 
that a section of it, seen at L, is like the letter U, and it is 
fitted into a groove made in the neck of the cylinder E. This 
collar being concave to the pressure, fits more tightly against 
the ram P on one side and the cylinder on the other side as the 
pressure increases. The ram of the press can move freely, but 
the water cannot escape. 

Transmission of Hydraulic Power. — The transmissibility of 
pressure is used to transmit power. In Hull, London, Liverpool, 
Melbourne, Birmingham, Sydney, Antwerp, Manchester, and 
Glasgow, naming the places in the order in which the system 
was adopted, pipes are laid under the streets, and water under 
pressure is pumped into them from a central station. In London 
the pressure is 750 lbs. ^n the sq. in., in Glasgow 1120 lbs. on 
the sq. in. This pressure is transmitted in 7-in. pipes to all 
parts, and customers can apply it to operate the hydraulic rams 
of lifts, cranes, or machines as required. Ten million gallons of 
water are pumped into the London mains in a week, and any 
visitor to the various docks in the port of London can see the 
cranes worked by this invisible power. 

Accumulators. — The enormous pressures referred to above 
are maintained in the supply pipes by pumps. Now the amount 
of water power used by customers varies from time to time, and 
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it might be that all ceased to use it at thfe same moment. To 
avoid the impulsive stress on pumps and pipes which a sudden 
stoppage of the water under such pressure would cause, an 
accumulator is used. This has a long plunger P, like the ram 
of an hydraulic press (Fig. 17), loaded with a mass M, whose 

weight, divided by the horizontal area 
of the plunger, is equal to the pounds 
per square inch of fluid pressure main- 
tained in the pipes. When the water 
is not used, the work of the pumps is 
expended on lifting the ram and mass 
M, while the pumps gradually come 
to a standstill. The accumulator 
meanwhile maintains a pressure in the 
pipes ready for use. The Glasgow 
accumulators have rams 1 8 in. diameter 
and 23 ft. stroke, each loaded to 127 
tons. 

Escape -Valves. — It is often im- 
possible to fit accumulators, e.g, in 
steam - vessels the arrangement could 
not be made. In this case escape- 
valves are provided. These are like the valves on a boiler, 
controlled by springs screwed down to a pressure a little above 
the worj^ing load. When the hydraulic presses for which the 
pressure is provided cease working the pressure rises throughout 
the whole mass of water, 
and becomes greater than 
the pressure exerted on 
the valves by the springs. 

Water escapes gradually, 
and undue strain is 
avoided. Fig. 19.— Double cup-leather. 

Hydraulic Engines. 

*-^The transmissibility of pressure is utilised in hydraulic engines. 
These have pistons somewhat similar to those of steam-ei^nes, 
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but the pistons are fitted with double cup leathers (Fig. 19) to 
avoid leaJkage under the high pressures used. The conditions of 
effective working are more appropriately discussed under the 
heading of ‘ Moving Liquids/ p. 254. 

Transmission of Power by Air under Pressure Compressed 

air is used for actuating motors ; for instance, the tramways in 
Berne are on that system. One difficulty which has to be met 
is explained on p. 27 6 ; the air, expanding in doing work, cools, 
and, unless artificially heated, causes a thick layer of snow to be 
formed at the exhaust. In Birmingham, pipes were laid and all 
arrangements made for the transmission of power to small work- 
shops by compressed air. But the company failed because of 
that and other practical difficulties. 

Pneumatic tools, such as drills, riveting hammers, fullers, 
etc., contain small motors driven by compressed air fed to them 
by flexible pipes. 

In speaking of the transmissibility of fluid pressure the 
weight of the fluid has been neglected. In such practical uses 
of fluid pressure as have been referred to, pressures due to the 
weight of the fluid mass are insignificant compared with those 
due to the impressed forces. Except in such circumstances, the 
weight of a fluid mass must be taken into consideration, as the 
pressure at a point in a fluid is in most cases due to the weight 
of the fluid alone. 



CHAPTER III 

Liquid and Gas 

Compressible Fluid— Incompressible Fluid — Boyle’s (or Marriotte’s) Law — 
Boyle’s (or Marriotte’s) Tube — Deep Trough — Voluminometer — Simple 
Air-Pump — Smeaton’s Air-Pump — Double-barrelled Air-Pump — Tate’s 
Air - Pump — Sprengel’s Pump — Topler - Hagen Pump — Exhibition of 
Atmospheric Pressure — Magdeburg Hemispheres — Shrivelled Apple — 
Mercury Rain. 

If a thick glass tube with even bore, provided with a well- 
fitting plunger (Fig. 20), be filled with fluid, force exerted on 

the plunger causes pres- 
sure in the fluid. Fluid, 
whether liquid or gas. 

Fig, 20.-Pneumatic syringe. ^xcrts pressure ou any 

surface in contact with 
it ; but ^the effect of pressure on a gas is very diflferent from 
its effect on a liquid. 

Coinp)?essible Fluid. — ^If the fluid be air or any gas the effect 
of the pressure in the fluid is to diminish its volume consider- 
ably, the air is compressed. When the force is removed, the 
pressure in the air is lessened, and the air expands. Gases, of 
which air is taken as the general example, are called ‘ compres- 
sihW fluids. They are sometimes incoiTectly styled ‘elastic^ 
fluids; all fluids are elastic (see Properties, p. 139), 

Incompressible Fluid. — If the tube (Fig. 20) be filled with 
water the effect of force applied to the plunger is very different 
In this ca^e the fluid does not, so far as can be seen, yield at aH 
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but resists compression almost perfectly. It is on this account 
that liquids are called ‘ incompressible ’ fluids. 

What has been said under the heading of Compressibility 
(Properties, ^p. 135) should be referred to. Water is com- 
pressible and elastic, but the two experiments just described 
show how very easy it is to compress gas, and how very 

difficult to compress liquid. So long as it is borne in mind 

that in reality all fluids are compressible and almost perfectly 
elastic, there can be no mistake in speaking of gas as ‘ compres- 
sible^ and liquid as incompressible’ fluid. The use of the ex- 
pressions is justified by ordinary experience. 

Liquids, of which water may be taken as the common 
example, maintain a constant volume. Tlio use of liquid 

measures depends on this ; a quart, a litre, a gallon of a 

certain liquid are definite masses. The easily remembered rule, 
‘a cubic foot of water weighs 1000 oz.’ is nearly true, because 
1000 oz. of water neither swells nor shrinks perceptibly, but 
always occupies about one cubic foot. 

When measuring a quantity of gas by its cubic contents the 
pressure of the gas must also be stated. It is not correct to say 
that a litre of air weighs 1 *3 gramme ; it must also be stated 
that the air is at atmospheric pressure. If the pressure in a 
litre of gas were decreased there would be less gas, and if there 
were no pressure there would be no gas. 

It is at atmospheric pressure that air and gases ar^ usually 
measured. 

Boyle’s (or Marriott^^’s) Law. — That the volume of a given 
mass of gas depends on the pressure in it was discovered by the 
Hon. Robert Boyle. In 1660 he jniblished some New Experi- 
ments touching the Spring of the Air, from which he derived the 
law which is known as Boyle’s Law. Iil 1 679 Marriotte published 
the same law with the same experiments as an independent 
discovery : the law is known on the Continent of Europe by the 
name of Marriotte. 

Boyle’s (or Marriotte’s) Law in its modern form is : If the tem- 
perature be constant the volume of a gas varies invmsely as Us pressure. 
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Boyle’s (op Mariotte’s) Tube. — A glass U-tube has a 
shorter and closed arm about 6 or 8 in. (20 cm.) long, and a 
iJJnger open arm 36 in. (90 cm.) long (Pig. 21), and is mounted 

on a verticil bohrd. The 
shorter arm is graduated on 
the glass in equal volumes 
from the closed end, divided 
in the figure into five equal 
parts. Clean mercury is 
poured into the bend and 
when the surfaces of mer- 
cury in both arms are level, 
the air enclosed in the 
shorter arm is at atmo- 
spheric pressure. Its volume 
is read off by the gradua- 
tions, and then additional 
mercury is poured into the 
open end, causing additional 
pressure on the enclosed air 
which diminishes in volume, 
A scale is provided for read- 
ing the height of the column 
of mercury in the longer' 
arm above the surface of 
mercury in the shorter arm. 
When the volume of the 
M confined air is half of what 
it was at atmospheric pres- 
sure, the height of the 
column of mercury above 
the free surface is equal to the height of the barometer. This 
shows that the air is at a pressure of two atmospheres when its 
volume is half what it was when at a pressure of one atmosphere. 

Experiments may be further made with Boyle’s tube by 
p noticing the volume of the confined air when the pressure is 



Fig. 21.— Boyle’s tube. 
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between one and two atmospheres. The volume of the confined 
air is inversely proportional to the pressure. For example *if 
the column of mercury in the longer arm be 10 in. (253 mm.) 
above the free surface, giving an additional pressure of ^ 
atmosphere, the volume of air at ^ atmospheric pressure is | 
of what it was at one . atmosphere. 



Deep Trough. — A different apparatus is employed to show 
increase of volume in air when its pressure is less than one 
atmosphere. 

A strong glass tube about 32 in, (90 cm.) long and 2 in. 
(5 cm.) internal diameter, closed at one end, called a Deep Trough^ 
is filled with mercury. A smaller straight tube about 30 in. 
long closed at one end is filled with mercury all but about 4 in., 
and being inverted is sunk into the deep trough until the 
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mercury inside and outside the tube is at the same level (Fig, 23). 
The upper part of the smaller tube remaining above the mercury 
is graduated on the glass in equal volumes from the closed end ; 
this now contains 4 in. of air at atmospheric pressure. 

As the smaller tube is raised the mercury recedes from the 
closed end, showing that the air in it expands ; but the mercury 



stands in it above that in the trough, show- 
ing that the pressure is decreased (Fig. 22). 
When the confined air has expanded to 
twice its original volume and occupies 8 in. 
(20 cm.), the column of mercury stands 
about 15 in. (38 cm.) above the mercury in 
the trough. If there were no air and no 
fluid pressure on the top of this column it 
would stand about 30 in. above the surface, 
as in the Torricellian experiment (p. 150), 
also when the mercury surfaces were level, 
as at the commencement, the confined air 
was at atmospheric pressure ; we therefore 
conclude that when the volume of the con- 
fined air is doubled the pressure on it is 
halved. By choosing various positions of 
the small tube it may be shown that the 
volume of the confined air varies inversely 
as the pressure on it. 

Voluminometer {Measurer of volume). 
Experiments of bbth kinds can be carried 
out with one apparatus. Two glass tubes, 
the one (A) open and the other (B) closed, 
are connected by a strong rubber pipe. 
The closed tube is graduated on the glass 


Fig. 24.-voiuininoineter in equal volumes from the closed end. 
air compressed. tubes are both placed vertically on a 

frame provided with a vertical scale which can be moved up and 


down (Fig. 24). The glass tubes and the flexible tube are filled 
with mercury so as to enclose about 3 in. of air in the closed 
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tube when the surfaces of mercury in both glass tubes are level, 
that is when the confined air is at atmospheric pressure. 

As the tubes are to be raised and lowered and the weight of 


mercury is considerable, it is convenient 
for the instrument to have windlasses to 
wind up and hold each tube as required. 
In Fig. 24 B is shown lowered and A 
raised, so that the mercury in A stands at 
twice the barometric height above the 
mercury in B; the pressure of the confined 
air is then 3 atmospheres and the air that 
occupied 3 in. at first is compressed into 
^ the former space, i.e. 1 in. 

On the other hand, the tube B can be 
raised and A lowered so that the mercury 
in A stands at a fraction of the barometric 
height below that in B ; the volume of the 
confined air is increased. In Fig. 25 the 
volume is increased threefold, to 9 in. In 
that case the mercury in A is about 20 in. 
below the level of the mercury in B. 

The behaviour of gases known as 
Boyle’s Law may be expressed by saying 
thati tempei’ature being constant, the pro- 
duct of pressure and volume is a constant 
quantity. This is practically true of those 
gases which are difficult te liquefy by com- 
pression — air, hydrogen, etc. But strictly 
speaking in all gases, as the pressure in- 
creases, this quantity diminishes to. a 
minimum value, and then increases (see 
Heat, p. 327). 



Fig. 25.— Voluminometer 
air expanded. 


The Simple Air-Pump. — Air expands into and completely 
fills any empty space. If a vessel full of air be opened into an 


equal empty one, the air fills both of them, and its pressure is 
halved. A cylinder with a closely fitting piston, whict can be 
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drawn away from the closed end, forms such an empty vessel, 
and if a reservoir full of air be connected with it the air will 
expand into and fill the cylinder as the piston 
is drawn away. The return of the piston would 
compress the air into the same space again, but 
a valve or door A (Fig. 26) is fitted at the 
bottom of the cylinder, and prevents the return 
of the air into the reservoir, while a valve B in 
the piston allows the air to escape through the 
piston as it returns to the closed end. As the 
operation is repeated the air in the reservoir 
is rarefied until its pressure will not lift the 
valve A. 

There must be a little space at the closed 
end when the piston is close home ; this space is 
usually called ‘ the clearance,’ 

The valve B in the piston will not 

Fig. 20. open on the down stroke until the 
Simple air-pump. bottom of the cylinder 

is at atmospheric pressure, so whatever space is 
left at the bottom of the cylinder must contain 
air at that pressure. This sets a limit to the 
exhaustion of the receiver; the ratio of the 
clearance to the whole volume of the cylinder 
will be ilie minimum fraction of the atmospheric 
pressure in the reservoir. The pressure in the 
reservoir will not lift the valve A uifless it is 
greater than the pressure of the air remaining 
in the cylinder when the piston is furthest 
from A. 

Besides this defect, since the atmosphere 
presses on the piston and is opposed by a 
smaller pressjjre on the other side at every stroke, this simple 
pump is tedious to work. 

Sme^t^n’s Air-Pump is the same as a simple air>pump, but 
the other ^eiid of the cylinder is closed and has a valve 0 opening 
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outwards (Fig. 27). When the piston is raised the air above 
it is forced out through this valve, and the air from the reservoir 
lifts the valve A and fills the space below the piston. When 
the piston is lowered the valve B in the piston is raised and 
allows the air to pass through to the other end. The operation 
is repeated and the air in the reservoir is rarefied until it does 
not provide sufficient force to lift the valves. 

The air in the cylinder is rarefied continuously and the 
exhaustion in the receiver is more complete than with the simple 



Fig. 28.— Double-barrelled air-pump. 


air-pump. Smeaton^s air-pump is also easier to work, because 
the pressure of the atmosphere is prevented by the valve C from 
exerting force on the upper part of the piston. 

The Double-Barrelled Air-Pump is usually employed be- 
cause the exhaustion is twice as rapid. 

Two cylinders are seen on the loft in Fig. 28; the rods 
which move the pistons in them project above the woodwork, 
and are made with a toothed rack operated by a pinion, to which 
a handle is attached. As the handle is worked to antf fro, one 
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piston rises and the other falk. The two circular horizontal 
plates are perfectly flat and smooth ; glass domes called ‘receivers^ 
are placed on them, as requisite, to be exhausted; or any 
apparatus from which the air is to be removed may be screwed 
into the central holes. Each plate can be connected with or 
cut off from the pump by a tap. A siphon gauge is shown 
screwed into the hole of the smaller plate. 

Tate's Aip-Pump has two pistons, as shown in the broken 
cylinder (Fig. 29) ; a single block piston, a little less than half 
the length of the cylinder, is also used. When the pistons are 



Fig. 29.— Tate’s air-pump. 


as shown and the taps are open, air expands from the reser- 
voir into the nearer part of the cyliuder; the handle is then 
drawn out and the pistons come to the nearer part of the 
cylinder ; this air is expelled through the valve in the nearer 
valve-box, while at the same time air expands into the further 
part. The air in the reservoir has not to lift any valves, and 
there is no valve in the piston to be lifted, consequently the 
exhaustion is more complete. At the end of the stroke ‘ the 
clearance’ always contains air at atmospheric pressure, so the 
ratio of the clearance to the whole volume of the reservoir is 
the limit of exhaustion. Tate’s air-pump is often used as 
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auxiliary to another kind of air-pump, which exhausts more 
rapidly at first but does not exhaust so perfectly. In the 
figure it is shown in this way, fitted as an addition to the 
double-barrelled air-pump (Fig. 28). 



Fig. 30,— Sprengel’s air-pump. Fig. 81.— Topler-Hagea pump. 


Sprengel’s Pump. — The air-pumps which have been de- 
scribed have each of them a limit of exhaustion, because pressure 
is necessary to lift their valves. If a higher rarefaction is 
desired, mercury pumps are used. The space left at top of 
a barometer tube, called ‘a Torricellian vacuum,^ only contains 
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the mercury vapour corresponding to the temperature. It is the 
object of SprengeFs pump to attain to this condition in the ex- 
hausted reservoir. A common form of this pump is shown in 
Fig. 30. The mercury in the funnel A falls down the vertical 
tube BC in drops, and carries with it the air which expands 
from the reservoir through the pipe D into the space between 
the drops. The exhaustion proceeds rapidly, until the drops 
as they fall into the basin sound hard and solid, when the 
air no longer cushions between them. This is a simple and 
effective pump, and the figure shows some modifications suggested 
in it by experience. BC must be considerably more than the 
barometric height, say 45 inches. 

Topler-Hagen Pump. — ^A reservoir of mercury A is sus- 
pended by a band worked by a ratchet-barrel, and it is connected 
by a stout rubber pipe with the tubes at K (Fig. 31). When A 
is raised the mercury flows into the bulb B, and since the outlet 
C is sealed by the mercury, any air in B is driven out through 
the siphon E as mercury pours into it from B. When A is 
lowered the mercury falls below C, and air is free to come from 
the reservoir through the inlet F. The by-pass tube D is 
provided as a guard against breakage from the sudden rush of air 
from F directly C is free. As the exhaustion becomes complete, 
the mercury will stand nearly at the barometric height in CGr 
when A is raised, and in EH when A is lowered, and so both of 
these vertical tubes must be longer than 30 in. (76 cm.). 

Exhibition of Atmospheric Pressure. — With the aid of the 

air-pump many experiments 
may be made to prove the 
existence of atmospheric pres- 
sure by observing what, occurs 
when it is removed. 

A glass vessel whose lower 
rim is ground flat is covered 
^ tig. 8,2.— Bursting of bladder. with bladder tightly 

stretched over the edges. The lower edge is smeared with lard, 
and so fits firmly on the plate of the air-pump ||^Fig. 32). When 
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the air is exhausted from the space under the bladder the down- 
ward pressure of the air above it is no longer balanced by the 
upward pressure below it. 

The atmospheric pressure makes itself apparent, pressing on 
the bladder until, unable to withstand the strain, it bursts with 
a loud report. 

Magdeburg Hemispheres. — Two hollow hemispheres fit 
closely at their edges. If the air be exhausted from the hollow 
sphere thus formed, the pressure of the atmosphere on the outside 
is no longer balanced by the pressure inside. Great force is 
necessary to separate them. Otto von Guericke, Burgomaster of 
Magdeburg, had two such hemispheres made about 3 feet in 
diameter. As he had not yet invented his air-pump he filled 



Fig. 33.— Magdeburg hemispheres. 


them with water, and then drew the water out with a icommon 
pump. When exhausted they were held together by a force of 
some 6 1 tons, and resisted the efforts of twenty of the Emperor^s 
coach-horses to separate them. 

The experiment is now performed with lecture-room appa- 
ratus, the hemispheres being not more than 4 in. (10 cm.) in 
diameter. They are accurately turned to fit one another, and 
provided with a stop-cock to exclude the air when they are taken 
from the air-pump (Fig. 33), and with handles. Two persons 
hiust exert all their force if they would separate them. 

A Shrivelled Apple and a half-filled bladder, if placed under 
the bell-jar receiver of an air-pump, expand when the^ pressure 
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of the atmosphere is removed. The air inside the skin^ of the 
apple or the bladder expands. The skin is filled out and the 
apple and bladder appear round and firm, only to return to their 
Shrunken condition when the air is admitted again. If the 
hand be placed on some hollow vessel, such as that shown in 
Fig. 32, the removal of the atmospheric pressure from the palm 

of the hand causes it to swell. 
The pressure on the rest of the 
body causes pressure to be com- 
municated to the fluids in the 
part where pressure is then un- 
balanced. 

Mercury Rain. — The pres- 
sure of the air will force mer- 
cury through the pores of wood 
if the pressure is removed from 
the other side. A wooden cup 
is turned with its axis in the 
direction of the grain. If this 
be cemented into a glass cylinder, such as is shown in Fig. 34, 
and filled with mercury, when the air is exhausted from under 
the cup a fine rain of mercury descends in the cylinder. 

With the aid of the air-pump many such experiments may 
be devised to show the existence of the atmospheric pressure. 
It seems strange that, though it is the most widespread of all 
pressures, Galileo should have been the first to suspect it. 




CHAPTEE IV 

Weight of Fluid 

Mass of Liquid — Mass of Gas — Density — Relative Density — Specific Volume- 
Fluid Pressure due to Weight — Free Surface of a Liquid is Horizontal — 
Horizontal Surface of Liquids — Masson’s Experiment — Pressure Propor- 
tional to Depth — Equilibrium of Superposed Fluids — Thomson Sounding 
Machine — Hypsometry — Liquid in Communicating Tubes — Different 
Liquids in U -Tube— Liquids ‘find their own Level’ — Artesian Wells 
— Water Level — Spirit Level. 

There are two ways in which a certain quantity of fluid may 
be described ; there is its mass, and there is the volume which 
it occupies. *A gallon of water weighs 10 Ibs.,^ or ‘a cubic 
cm. of water is one gramme/ are instances of comparison 
between mass and volume. It is in the matter of volume that 
a liquid mass difiers from a mass of gas. A liquid remains at 
the bottom of any vessel, and for the purposes of hydrostatics 
is of constant volume, while a gas fills the whole space open 
to it. 

The Mass of a Liquid. — Liquids must be placed in some 
vessel to be weighed, and the weight of the vessel being allowed 
for, the mass of the liquid is found, an operation so familiar to 
every one as hardly to need remark. 

The Mass of a Gas. — Otto von Guericke of Magdeburg 
(1650) seems to have been the first to observe that ‘air has 
weight,’ and therefore mass. The mass of a certain quantity of 
air,' as of water, is found by weighing a vessel of known capacity 
first empty and then full of air. A thin glass vessel is demented 
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on to a brass tube with a stop-cock. The end of the tube is 
tapped with a thread, s6 that it can* be attached to an air-pump. 
A hook is screwed into the tube, so that the vessel can be sus- 
pended under the scale-pan of a hydrostatic balance (Fig. 35). 

The air is first exhausted 
from the vessel by an air-, 
pump, the stop-cock is closed, 
and the weight of the empty 
vessel is found or counter- 
balanced by weights. 

The tap being opened, 
the air rushes in and fills 
the vessel, w'hich is seen at 
once to be heavier, as it 
■weighs down the l)alance. 
The mass of the contained 
air at atmospheric pressure 

Fig.35.-Wei6hingair. 

added to restore equilibrium. The volume of the vessel can 
be found by weighing the mercury or water which it can con- 
tain. A flask containing 250 cubic in. holds about 80 grains 
of air. The mass of 1 litre (cub. decimetre) of air at 0° C. and 
760 mm. pressure is 1*31844 gramme (Mendeleef). 

Density. — The density of a substance, whether it be solid, 
liquid, 01 gas, is its mass per unit volume. A cub. in. of brass 
weighs 4*6 oz. ; a cub. ft. of water weighs 1000 oz. (62*4 lb.) ; 
a cub. decimetre (or litre) of air weig^is 1 *3 gramme. So the 
density of brass is 4*6 oz. per cub. in.; of water, 62*4 lb. per 
cub. ft. ; of air, 1 *3 gr. per litre. 

Density or absolute density is an estimation of mass per 
unit volume. Owing to the various units of mass and volume, 
measurements of the same density have many numerical values, 
and this would lead to confusion ; it is consequently usual to 
consider the density of a substance in its relation to the density 
of some well-known standard substance. 

Relative Density is the ratio of the density of a substance 
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to the density of some standard substance. The density of 
water is the standard of density for solids e.nd liquids, and the 
density of Hydrogen the standard for gases. Water is easily 
obtained and is of uniform quality ; hydrogen can easily be 
obtained pure and is very light. 

If a cub. ft. of water weighs 1000 oz. and a cub. ft. of brass 
weighs 8000 oz. : the relative density of brass is 8. Here a 
cub. ft. is taken as the unit of volume ; but as any volume may 
be taken for the unit, relative density is usimlly defined as 
follows : The Itelative Density of a Substance is the ratio of the mass 
of a body composed of it to a mass of an equal volume of the 
standard substance. (Water at 4° C. for solids and liquids. 
Hydrogen at 0° C. and 760 mm. pressure for gases.) 

It is sometimes convenient to describe the density of a fluid 
in terms of the volume occupied by a unit mass of it ; this is 
usually compared with the volume occupied by unit mass of the 
standard substance. 

The Specific Volume of a Substance is the ratio of the 
volume occupied by unit mass of it to the volume occupied by 
unit mass of the standard subsUince. 

There is an unfortunate divergence between the English and 
scientific methods of estimating mass and density. In the 
English method masses are estimated by weighing against brass 
weights in air, and compared for density with water at 60° F, 
or 62° F. In the scientific method, masses are weighed in vacuo 
and compared with water at 4° C. (39° F.). The effect of these 
differences is referred to, in connection with the Comparative 
Scales on p. 106. 

As masses are estimated by weighing, it is usual to compare 
the weights of equal volumes of a substance and water ; this ratio 
is called specific gravity. Since the weight of a body is pro- 
portional to its mass, specific gravity does not differ from relative 
density. Specific gravity is discussed in Chap. V. ; what has 
been said now of mass and density is necessary for the considera- 
tion of pressure due to the Weight of Fluid. 

Fluid Pressure due to Weight — The mass of fluicP is that 
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on which the earth exerts that force which we call its weight ; it 
is of the weight of fluids as causing fluid pressure that this 
chapter treats. 

Within a fluid, above any small area, there is fluid whoso 
weight exerts a force across that area on the fluid below it. It 
is one of the properties of fluids that force exerted in a fluid is 
of the same intensity in all directions. Thus the weight of 
fluid must cause fluid pressure in it. 

The Free Surface of a Liquid is Horizontal. — A surface of 
water if unrufiled by vnnd is perfectly flat and ‘ level.^ The sea 
or any large expanse of water is seen to have a curved surface 
which is a part of the spheroidal surface of the earth. Any small 
portion of a liquid surface is equally part of a spheroidal surface, 
but being small is nearly a plane to which a vertical lino is per- 
pendicular ; this is what is called ‘ horizontal.^ Every part of a 
liquid surface is practically at the same distance from the earth^s 
centre, and this is what is called a ‘ level ^ surface. Such con- 
siderations aflbrd a sufficient and satisfactory proof that the free 
surface of a liquid is horizontal, but a simple explanation can be 
given of the behaviour of a small surface when disturbed. 

Horizontal Surface of Liquids. — Suppose a perfect liquid 
surface at rest, if possible vdth B higher than C (Fig. 36). If B 

and C be near one another, BC may 
be considered as a small prism of 
liquid on an inclined plane. There 
can be no shearing stress in a perfect 
liquid, scv that the liquid can exert 

Fig. 86.-Surbce of liquid horizontal. To the 

weight of this prism, which is a 

vertical force, the fluid pressure can only oppose a force perpen- 
dicular to BC, and if BC be not horizontal there must be a com- 
ponent of the weight in the direction BC which is not opposed^ 
and the prism must slide down. Therefore no perfect liquid 
can rest with its surface otherwise than horizontal. A real liquid 
opposes no permanent shearing stress, and so rests horizontally. 

Masfon’s Experiment or Pascal’s Vases. — Glass tubes or 




IV 


WEIGHT OF FLUID 


187 


‘ vases ' A, B, C, D, of various shapes, are #eTnented into brass 
collars which screw into an opening at P (Fig. 37). When this 
opening is closed the vase can be filled with water. A brass 
plate fits water-tight against the opening, and is kept against 
it by one arm of a balance, so that a known force can be exerted 
by the plate against the water when the vase is filled. 

Fill one of the vessels, A, with water, putting weights into 
the scale-pan and marking ])y the index T the height of the water 
when it begins to flow out below. If B, C, D are placed on the 
opening and carefully filled, the water reaches the same height by 



Fig. 37. — Ma.s8on’s apparatus. 


T when it begins to flow out below. It is not possiblS to be 
very accurate in marking the height, as the flow of the water is 
uncertain. The experiment assumes that this takes place when 
the downward thrust of the water is equal to the upward 
thrust of the brass plate due to the weights in the balance, and 
in the main this is so. It proves that Ihe force exerted at 
P doe.s not depend on the amount of water in the vases but on 
its height. 

The pressure at a point in a liquid depends ouly on the d^th of 
the point helow the free surface. 

The opening at P is of the same area for all the vases, and 
as the fluid pressure exerts equal force in all cases on flhis area 
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the intensity of the^uid pressure at the bottom of the vessel is 
the same in all cases. 

Pressure Proportional to Depth. — The pressure at a paint in 
a heavy hamogeneous fluid, not exposed to exteimal pressure, is pro- 
portional to the depth of the point helow the surface. 

Consider a tube of inside sectional area 1 sq. in. (or sq. cm.) 
placed vertically in water. The weight of water in the tube is 
a force acting vertically downwards. The tube exerts no vertical 
force on this water, as the pressure on the sides is everywhere 
horizontal. 

Consequently the whole weight of the water is exerted on 
the unit area of water at the end of the tube, causing a fluid 
pressure measured by the weight of that water on the sq. in. (or 
sq. cm.). 

The pressure at a point is caused by the weight of the 
column of water al)ove it, and this weight varies as the depth of 
the point below the surface. 

There need not be a tube at all, for, considering the vertical 
column of water separately, the water round it can exert no 
vertical force on the column, as all the pressure on it must be 
horizontal. 


And there need not be a fluid column extending vertically 
from the area considered to the surface ; for example, there is 
not in the case of vase B (Fig. 37). The thmst on the area P 
would fiot be different if the Aase were placed in fluid whose 
surface is at the same height A as the 
water inside B* (Fig. 38) ; nor different 
if the vase were removed. Then the 
column of water as shown dotted would 
be standing vertically above the area P. 



Fig. 88.— Slanting vase. 


The pressure at a point in a fluid depends 
only on the depth below the surface. 


As an example the lock-gates at the entrance of a ship canal 


may have to hold back the whole ocean when it is high water 


and the lock is empty ; or they may have to hold back the lock 
full of ^ater only when it is low water and the lock is full 
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The level of the water being the same, the force exerted by the 
lock-gate is the same in both cases, and depends only on the 
depth of the water, not on the amount of water. This illustra- 
tion is often given, but it is a bad one, because both cases could 
not occur with the same gates. They are fitted to open in one 
direction only, and they do not stand pressure on the side from 
which they open. 

Since the pressure in a fluid at rest varies as the depth, the 


intensity of the pressures is 
the same at all points in the 
same horizontal plane. 

Equilibrium of Super- 
posed Fluids. — Suppose that 
two fluids which do not mix 
are placed in a vessel, the 
denser one occupies the 
lower part of the vessel, and 
their common surface is 
horizontal (Fig. 39). Some 
oil is placed in a tall vessel 
and then some water is 
poured down a rubber tube 
to the bottom ; the oil rises 
on the surface of the water 
and the common surface of 



’ . A 


the oil and water is hori- 
zontal. 


Fig. 39.— Coiuinon surface horizontal. 


An open t^ill jar like that in the figure above is empty, that 
is, it contains only air ; carbonic acid is a gas heavier than air, 
and if it is poured down to the bottom of the jar through the 
tube, then it will lie like the heavier liquid at the bottom, 


and the common surface is horizontal. In a tidal river, the salt 


water is often seen flowing up underneath, while the fre^h water 


goes down on the top. In a coal mine, after an explosion, the 


carbonic acid occupies the lower part of the workings and 
galleries, and men try to avoid the gas by keeping abo9e it 
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Thomson Sounding Machine. — ^The atmospheric pressure 
supports a column of water 33 ft. high, consequently at a depth 
of 33 ft. (roughly, 5 fathoms) the pressure due to the weight of 
water is one atmosphere, the total pressure two atmospheres. 
If a tube closed at one end be lowered to a depth of 6 fathoms, 
the air in it is compressed into half its original volume, and 
water goes half-way up the tube; at a depth of 10 fathoms, §, 
and of 15 fathoms, f of the length. 

In Lord Kelvin’s Sounding Machine, a tube abo\it 24 in. 
long, and not more than tV in internal diameter, shown broken 
in. half at A, is closed at B (Fig. 40), and lined inside with 
ll^mggmgggggggmmgmmg^^ & brown chemical. The 
^ B sea-water turns this brown 

coating white so far as it 
10 IB ^ an Bb loo | has entered the tube. The 
glass tube is enclosed, open 

Fig. 40. — Thomson sounding machine and scale. ... . . . 

end downwards, in a brass 
case and attached to a line, a sinker being made fast at the end. 
The line is a piano wire, 300 fathoms long, which offers little 
resistance to the sinker and is strong enough to haul it in again. 
In ordinary sounding with a lead, the ship must be slowed down 
to about 5 knots, but the Thomson sounder is run out and hauled 
in when the vessel is going full speed.^ The tube is then placed 
on a gauge, shown in the figure below AB, and the depth indi- 
cated by the white marking is read off in fathoms, as explained 
above. The scale reads 100 fathoms at of its length. 

Hypsometry (v^o?, hypsos, high), the measurement of heights. 
The earliest experiments on atmospheric pressure showed that 
the cause of the pressure of the air must be the same as the 
cause of the pressure of water, viz. the weight of the fluid 
itself. For this reason the height ascended can be measured by 
the change in the atmospheric pressure just as a sounding is 


^ This is true of moderate speeds. In experiments made in 1897 by Lord 
Kelvin on board R.M.S. Campania^ going 21 1 knots, the sinker got down 28 j 
fathoms with 150 fathoms of line out. He estimated that if the whole 800 
run oit, 50 fathoms would have been reached* ^ 
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taken by the prlissure of the water. It is not, however, so simple 
a matter to coniitruct a hypsometric scale ; the intensity of 
pressure in air is not connected with the depth by a simple 
ratio. Pressure in a gas causes compression and increase of 
density, and since there can be no gas where there is no pressure, 
there is no free surface from which to measure depths. 

For places near the earth’s surface the height of the baro- 
meter diminishes by every 90 ft. of ascent ; corrections 

are necessary for temperature and humidity. Mr. Glazebrook 
gives the following general 
rule for finding the difference 
in level between two stations. 

Multiply the difference between 
tJie logs, of the two .barometer 
readings by two millions. The 
result will be the difference in 
centimetres. 

Liquid in Communicat- 
ing Tubes. — Tubes of 
various shapes open into a 
horizontal tube and so com- ^’-Communicating tubes. 

municate with one another (Fig. 41). If a coloured liquid be 
poured into them it can be seen standing at the same height in 
all the tubes. In this way it is said 
that ^ water finds its oxm level^^ iftid the 
cause is the same as that of the hori- 
z<^tal free surface of a liquid, viz. that 
all jK)ints of the surface are practically 
at the siime distance from the earth’s 




, PIr. 42. centre. 

Equilibrium of liquid in IJ-twbe. i j t 

^ Suppose a U-tube (Fig. 42) filled 

with a homogeneous liquid, and consider the force or thnist 


across a vertical section of the tube at its lowest point P. There 
is a fluid pressure measured by the weight of a column of unit 


area, and height YB, causing a force or thrust towards the left, 
and there is a force towards the right, corresponding to the 
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height XA. Since the liquid is at rest, these forces are equal, 
and therefore the columns XA and YB must be of equal 
height. 

Therefore a homogeneous liquid rises to the same height in 
communicating tubes. 

It should be noticed that the pressure at the point !P to right 
or left depends on the height of the columns 
XA and YB, not on the amount of liquid 
in the tubes, so that the communicating 
tubes may be of very different cross-sections. 

Different Liquids in U-Tube. — If there 
are two different liquids, such as mercury 
and water or oil and water, in the two 
branches of a U-tube, the heavier liquid 
does not rise so high as the lighter one. 

In Fig. 43 the mercury column YB 
is 3*5 cm., and the water column XA is 
47*4 cm. above the common surface at A 
in the right-hand tube. 

Consider so much of the mercury as is 
below this horizontal plane AB on both 
sides ; this would be in equilibrium if the 
part above it were removed. Hence there 
must be an equal pressure on it in both 
branches at the points A and B in that 
plane. 

A column aT^ove A of unit sectional area, 
of the liquid in that branch must weigh the 
same as a similar column of the other liquid 
TV.- X TT + u above B, and therefore their masses must 

Different liquids in U-tube. ' 

be equal. 

But the column of water above the common surface stands 
13 J times as high as the column of mercury above the same; 
the volume of the column of water is 13| times the volume of 
the column of mercury. Therefore the relative density of mercury 
is 13J.® The relative density of liquids which do not mix with 
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water can be found by this method, or of any liquids if mercury 
l)e placed in the bend. 

Liquids ‘ And their own Level.* — From the Lecture Boom 
experiment of Fig. 41, and from general considerations, it has 
been observed that since the surfaces of liquids in communicating 
tubes are in the same horizontal plane, liquids are said to ‘ find 
their own level.’ The water-supply of towns depends on this 
principle : the Liverpool supply from Lake Vyrnwy passes under- 
neath the Weaver and the Mersey and rises to the city itself. 
The reservoirs of towns are, if possible, placed on a height, and 
the water is then delivered everywhere by its own weight. 

It not unfrequently happens that air in the pipe prevents 
liquids from finding their own level. Suppose that a reservoir X 
whose surface is at A (Fig. 44) is expected to discharge ' into 



another reservoir at Y at a lower level, after passing a hill at H. 
If by any means air gets into the* pipe at H, the pipes having 
water in them, this air communicates pressui-e, and so ^ong as 
the difference in height between the surfaces A and B is equal to 
the difference in height bgtween the surfaces C and D, it is evi- 
dent that the water will not flow, though A be higher than C. 

To avoid this an air-valve is fitted. There is an aperture at 
H by which air can escape; a light ball which floats on the 
water as it rises closes this aperture when the surface B has 
risen above the bend. 

This behaviour of air in a pipe should be noticed; as a 
matter of interest it is a good example of the transmis'sibility of 
fluid pressure, but as a matter of experience it often causes 
trouble in pipes apparently well laid. 

o 
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Artesian Wells. — If a porous stratum P lie between two 
impervious strata C of a saucer shape, the porous stratum will 
become filled with water from the ends where it crops out (Fig. 
45). If a boring be made at the bottom of the valley the water 



Fig. 45. — Artesian well. 


may spring to a considerable height because of the porous stratum 
))eing filled with water sibove that height. Artesian wells are 
sometimes bored to a gi*eat depth with the object of securing 
a flow of water. William Whiteley’s well is 600 ft. deep. 



Pig, 40.— Water level. 


The Water Level is a simple apparatus for finding ‘ levels,’ 
Le, points which are in the same horizontal plane. In one of the 
public schools a field was levelled for cricket by the boys them- 
selves ; one of them made his own water level and set out the 
work wdth it. Two small bottles whose bottoms have been 
remove(fcare let into the ends of a lead pipe turned up as shown 
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ill Fig. 46 , and are cemented in with red lead. The whole is 
filled with coloured liquid ; the eye can then detect a point on a 
distant staff which is in line with the two liquid surfaces, and is 
therefore at the same level as they are. 

The Spirit Level is the instniment usually employed for 
‘ taking levels.’ A short glass tube whose axis is an arc of a 
large circle is closed at both ends and filled with spirit, all but a 
very small ‘ Imhhh ’ of spirit vapour. If the arc be in a vertical 
plane the bubble rests in it at a place where the tangent to the 
arc is horizontal. 

It is usual to fix the tube in a holder, as is shown in Fig. 



Fig. 47.— spirit level. 


47 ; the bottom of the instrument is truly horizontal when the 
bubble is in the middle. 


For surveying, the spirit level is used in connection with a 
telescope and mounted on a tripod stand. The telescope has 
cross- wires at the common focus of eye-piece and object glass ; 
points in line with the axis of the telescope can be accurately 
observed. The spirit level is fastened to the telescope, so •that the 
axis may be horizontal when the bubble is at a certain mark. The 
axis of the telescope is p^allel to a tangent plane to the tube at 


that mark. The surveyor brings the 
bubble to the mark, then distant points 
whose images, formed by the object 
glass, coincide with the horizontal 
cross-wires, are at the same level. 

Fig. 48 represents another form 
of spirit level which is often used in 



Fig. 48.— Spirit level, circular form. 


laboratories for placing instniments horizontally by the set 


screws. The spirit is in a small circular vessel witlF a glass 
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top; the under side of which is slightly concave, A ‘ bubble ^ is 
left and a circle etched on the glass of the same size as the 
bubble. 

The top is part of a sphere on which the bubble must 
always mark a horizontal circle, so that if the base be parallel to 
the circle on the glass, it must be horizontal when the bubble 
fits the circle. 



CHAPTER V 

PruNoiPUi OP Auchimedks 

Resultant Pressure — Resultant Pressure on an Immersed Body — Princijde 
of Archimedes' — Cartesian Divers — Floating Bodies — Equilibrium of 
Floating Bodies — Stability — Specific Gravity of Solids — The Hydrostatic 
Balance; — Nicliolson’s Hydrometer — .Toly’s Balance — Specific Gravity 
liottle — Specific Gravity of Liquids— Wilson’s Specific Gravity Balls — 
Specific Gravity of Gases — Archimedes’ Principle applied to Gases — 
Mass and Weight— Balloons — Phial of Four Liquids. 

Resultant Pressure is the force which a fluid exerts on a surface 
exposed to it. If the surface is a plane the resultant pressure 
is a force perj)endicular to the plane and equal to the sum 
of all the forces which the fluid exerts on small areas of it. 

The force which the fluid exerts on a horizontal area of one 
square inch (or sq. cm.) is the weight of the column of the fluid 
one square inch (or sip cm.) in section Avhich is above the area. 
Consequently the resultiint pressure on 
a horizontal plane in water acts through 
the c.g. of the plane and is a vertical 
force equal to the Aveight of a column or 
prism of water reaching from the im- 
mersed plane vertically to the surface. 

If the plane be iioav turned al)Out a 
horizontal line MN through the centre of 
gravity G (Fig. 49) the force on a small 
horizontal strip (Q) that is lowered is increased, and the force on 
a small horizontal strip P that is raised is equally decreased. 
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Hence the resultant pressure or total force exerted l)y the fluid 
on the plane remains of the same magnitude. 

The resultant pressure on a plane immersed in watelh is 
equal to the weight of a column of water of sectional area equal 
to the plane, and height equal to the depth of the c.g. of the 
|)lane. 

This force acts perpendicularly to the plane, l)ut only 
through the c.g. if the plane is horizontal. If the plane is 
not horizontal the force acts through another point called the 
Centre of Pressure, 

Resultant Pressure on an Immersed Body.— If two equal 

pieces of lead l)e suspended hy 
a string over an easily running 
pulley, they i*est in any position 
(Fig. 50). If now a tumbler of 
water be brought underneath one 
of them, and it l)e lowered into 
the water, it does not rest there, 
but rises to the surface, as though 
it had become lighter by being in 
the water. This experiment shows 
that the resultant pressure of water* 
on the lead immersed in it is a 
vertical force acti ng up wards, wh i ch 
counter-balances par-t of its weight ; 
it ‘loses part of its weight.' 

The •principle of Archimedes 

Fijr 50 is SO called because it was first 

Resultant pressure on immersed body, jjgcovered by Archimedes 287 B.C. 

A body wholly immersed in water loses a jKirt of its weight equal 
to the weight of the water displaced. 

The truth of the principle of Archimedes may ])e shown Iry 
the following experiment. A hollow cylinder B is suspended 
from the short arm of a Hydrostatic Balance (Fig. 51), and 
underneath it is suspended a solid cylinder A, which fits 
exactly into the hollow cylinder, as shown enlarged on the 
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right. The whole is counterbalanced by sufficient weights in 
the other scale-pan. 

A beaker of water is brought underneath the cylinders and 
raised on blocks, so that A is entirely immersed; the water 
exerts a vertical upward force on A, which makes it appear to 
‘ lose weight.’ The hollow cylinder is now filled with water by 



Fig. 51.— Principle of Archiiiiecles. 

means of a syringe, and when it is full equilibrium is once 
more restored. 

This shows that the upward force or loss of weight is equal 
to the weight of a mass of water equal in volume to the cylinder 
A which is immersed. 

The general truth of the principle of Archimedes is seen by 
the following consideration. Sup- 
l)ose a solid body, of any material 
or shape, wholly immersed in water 
being tied to the bottom if lighter 
than water, as A, or suspended by 
a string if heavier, as B (Fig. 52), 

The forces exerted on if by the fluid 
pressure are the same whatever its substance may be. Now 
suppose that it be made of water, Le. that in its place there be 
a portion of the water of that shape. ^ 
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The weight of this portion of water is a vertical force acting 
at its c.g. downwards. As the water is at rest, the resultant 
fluid pressure on the portion supposed is in equilibrium with 
this force. Hence the resultant pressure on the body, supposed 
now to be made of water, is equal to its weight, and acts 
vertically upward through its c.g. 

The resultant fluid pressure on this body is the same what- 
ever its substance. Therefore the force exerted by the fluid on 
any body immersed in it is equal to the weight of the displaced 
fluid, and acts vertically upward through the centre of gravity 
of the displaced fluid. The force exerted by the strings in either 
case, described above and illustrated in Fig. 52, is the difterence 
between the weights of the immersed body and the displaced 
water. 


The conclusions called the Principle of Archimedes may be 
summed up as follows ; — 


I. The force which a fluid exerts on a. Imdy immersed in 



Fig. 5S.— Cartesian diver. 


it is equal to the weight of the fluid dis- 
placed. 

II. It acts veitically upwards. 

III. It acts through the centre of gravity 
of the fluid displaced, usually called the 
‘ Centre of Buoyancy.' 

Cartesian Divers, — Descartes illustrated 
the principle of Archimedes with the aid of 
small grotesque figures, which are nearly 
equal but slightly Ictss in mass than the water 
which they displace. They are provided with 
tubular tails open at the end and communi- 
cating with the hollow body (Fig. 53). One 
or more of these is placed in a tall jar which 
is nearly filled with water and covered with 
a sheet of rubber. 


Pressure applied by the hand to the rubber causes water to 


enter the tail and compress the air in the body of the imp, 
which is <hen heavier than water and sinks. When the hand is 
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romovod the air expands, the water is driven out, and the figure 
being lighter than the water displaced rises to the surface. 
These are called Cartesian Divers^ after their inventor. 

Floating Bodies. — If a vessel be perfectly full of water and 
a light body be floated in it, some water overflows. For this 
experiment it is best to have a beaker with a tube inserted in 
the side (Fig. 54), as it is then perfectly full when the overflow 
from the tube ceases. When 
the body is floated in it the water 
flowing from the tube is received 
in another beaker and weighed. 

The displaced water is found to 
be equal in weight to the floating 
body. 

Equilibrium of Floating 
Bodies. — If a solid be floating 

, • 1- Fig. body. 

in water or any li(jui4 it is dis- 
placing some liquid which woidd be there if the solid was not. 
The forces acting on the solid are ; its weight acting through 
its c.g. and the resultant pressure of the liquid — a force equal 
to the weight of the displaced licpiid and acting through the 
c.g. of the displaced liquid, called the Centre of Bxmjancy, Both 
of these forces are vertical, and if the solid be floating freely in 
equilibrium they must be equal and in one straight line. 

A floating body is in equilibrium when the weight* of the 
body is equal to the weight of the liquid displaced, and the centre 
of buoyancy is in the sanio» vertical line with the c.g. of the body. 

These are the conditions if the body is at rest. If it be 
slightly displaced and when releiised returns to its former 
position, it is said to be in stiMe equilibriifm ; if, being released, 
it moves further from its original position, it is said to be in 
unstable equilibrium. 

Stability. — Stfible equilibrium of floating bodies is of great 
importance in connection with ships. Consider the case of the 
ship shown in section in Fig. 55. The c.g. of the ship is at 
Gr ; the centre of buoyancy is at R So long as the ship floats 
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upright these two are iu the same vertical line, the middle 
line. When the ship is inclined a little (Fig. 56) the centre 
of buoyancy is shifted to B. The weight of the ship W 
acts through G, and the resultant pressure or buoyancy acts 
vertically upwards through B in a vertical line, which cuts the 
middle line in M. This point is called the Metacentre. So long 
as the metacentre is above G the Aveight W and the buoyancy W 
form a couple W x GZ, tending to right the vessel. If the 
metacentre were below G the opposite would be the wise, and 
the vessel would roll over. The stability of the vessel depends 
on the position of the metacentre and the magnitude of this 
couple. The distribution of the weights on board a ship, — guns, 



Fig. 55. — Shij) on even keel. 



Fig. 50. — Ship inclined. 


armour, engines and boilers, are settled l)y the special requircv 
ments of the case. It is the object of the naval architect so to 
design the hull that the centre of buoyancy may be at some dis- 
tance from the middle line when the ship is disj)laced. As 
the metacentre may be above G when a vessel is ‘ light,’ i.e. witli- 
out cargo, ballast is put iu her hold to bring the c.g. down 
lower. 

If there is any doubt about the stability of a vessel she is 
‘inclined for stability’ before she is sent to sea by placing 
weights at known distances from the middle line, so that the 
inclining couple is known ; the moment of the couple neces- 
sary to inclipe her through certain angles is ascertained, and 
from this th^ metacentric height is determined. 

Speclfie Gravity of a Substance is the ratio of the weight of 
any volume of it to the weight of the same volume of water at 
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60"" F. In the C.G.S. system water at 4^" C. is taken as the 
standard substance. (Continued from p. 185.) 

I. The specific gravity of a solid laxly may be ascertained hy 
imasiirenmnt 

The weight of any given volume of water is known. If the 
volume of the body and its weight are known, its specific gravity 
can be calculated. 

An armour plate is 6 feet x 5 feet x 9 inches, and weighs 
4*82 tons ; what is its specific gravity? 

Cubic content of plate = 6 x 5 x J = *22J cub. ft. 

Cubic ft. of waters 1000 oz. 

eight of equal volume of water = •i'ioOO oz. 

,, ,, =1400 Jibs. 

Weight of plate = 4*8‘2 tons= 10790*8 lbs. 

Specific gravity of plate = ~ 7 *08 nearly. 

The principle of Archimedes simplifies the determination of 
specific gra\’ity by making it easier to ascertain the volume of an 
irregular body. A body wholly immersed in water loses a part 
of its weight ecpial to the weight of the water displaced, so the 
weight of water equal in 
volume to any body is easily 
found. It was in reality* 
this which was the great 
discovery of Aivhimedes. 

He noticed the overfiow of 
a brimming liath as he got 
into it, and he saw that he’ 
had thus a ready means of 
ascertriining the volume of 
a l)ody, of however compli- 
cated a shape. 

II. The Hydrostatic 
Balance. — One scale - pan 
of a balance being removed, another of the same weight but with 
shorter chains is substituted for it (Fig. 57). This has a hoick 
under the pan from which a small body may be suspended when 
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its Specific gravity is to be found. The balance thus arranged is 
called a Hydrostatic Balance, If no short scale-pan is provided, 
a bridge may be put across the ordinary scale-pan, which usually 
has a hook under its point of support to serve for suspension of 
bodies. The weight of the body is first determined as it hangs in 
air. A beaker full of water is then brought up underneath, as in 
Fig. 51, until the body is wholly immersed. The body appears 
to lose weight. Some weights arc removed, and the weight of 
the body in water is determined. This ‘ loss of weight ^ is due to 
-the upward thrust of the water, and by the principle of Archi- 
medes is equal to the weight of the water displaced by, and equal 
in volume to, the body. Thus the weight of an equal volume 
of water is found, and the weight of the })ody having also been 



found, the specific gravity of the body 

. weiijlit of body. 

IS the ratio — r-,-r --- — 

weight ol displaced water. 

A>. Weiglit of a body in air . 390 gr. 

,, water . 338 gr. 


Weight of displaced water . 52 gr. 

o 390 , _ 

To find the specific gravity of a solid 
lighter than water l)y the Hydrostatic 
Reliance a sinker is used, which may be 
a piece of iron or brass, with its weight 
in air and in water engraved on it. 

III. Nioholson’s Hydrometer. — A 
hollow metal cylinder is connected by 
a stem to a pan above and a pan below 
it, the whole being weighted so as to 
float vertically (Fig. 58) ; and there is 


Fig. 58.— Nicholson’s hydrometer. ^ mark on the stcm Supporting the 


upper pan, which must float spme way above the surface when 
the hydrometer is unloaded. The substance whose specific 


gravity it to be found is placed first in the upper, then in water 
in the iSwer pan. 
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To weigh the solid in^ air , — Place weights in the upper pan 
until the mark on the stem is brought down to the surface of 
the water. Remove the weights and place the solid in the 
upper pan ; add weights to bring the mark to the surface again ; 
the difference of the weights with and without the solid gives its 
weight in air. 

To weigh the solid in water , — ^Place weights in the upper pan 
until the mark is at the surface. Remove the weights and place 
the solid in the lower pan, and place weights in the upper pan 
to bring the mark to the surface, when the difference of the 
weight with and without the solid gives its weight in water. 
The weight of the body weighed in air and in water is now 
known. The specific gravity is determined as before. 

Ex. Weights required to bring Nicholson’s Hydrometer to float at given 
mark : — 

Wt. required without solid 453 gr. Wt. required witliout solid . 453 gr, 
,, with solid in air 63 gr. ,, with solid in water 115 gr. 

Wt. of solid in air . 

, , water 

AV t. of displaced watei 

IV. Joly’s Balance has two scale-pans, as Nicholson^s Hydro- 
meter has, one in the air and one immersed (Fig. 59). They are 
supported by a spiral spring instead of by a ])uoyant cylinder. 
Determinations of specific gravity are conducted in exactly the 
same way as by Nicholson's Hydrometer. The example given^ 
above will serve for both; There is an index on the carrying 
wire ; this and its reflection arc made to coincide at a mark in a 
small vertical mirror on the upright support when the body is 
placed first in the upper and then in the lo.wer pan. It is easier 
to do this accurately than to bring the mark on the stem of 
Nicholson's balance to the surface of the water, and the instru- 
ment is preferable on that account. 

The accurate reading of Nicholson's Hydrometer depends on 
the buoyancy of small portions of the stem, and the capillary 
adhesio:^of the water to the stem interferes with its free>motion. 


Wt. of solid in water 
c, 390 ^ ^ 


. 838 gr. 
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V. The Specific Gfravity Bottle is specially suitable for 
finding the specific gravity of powders and small bodies like 
gravel or shot. A wide-mouthed bottle 
has a well-fitting ground-glass stopper 
through which a fine hole is bored (Fig. 60). 
When the bottle is filled 
with water and the stop- 
per is slowly pressed in, 
the water oozes through 
the stopper. This avoids 
air remaining in the 

l)ottle, and makes ac- 
curate filling easier. The 
cubic content of the 

bottle or the weight of Fi^?. r>o. 

. , Sppcilif gnivitv Iwttle. 

contained water at a cer- 
tain temperature is usually etched on it. 

If a 1000 gr. bottle be filled with 

water and 500 gr. of shot be put into it, 

Fig. 59. the shot and water together would weigh 

•Toly 8 specific graMty balance. Water escaped from the 

bottle. But water equal in volume to the shot Avill esc«ape, and 
therefore the bottle after the shot is put in it weighs less than 
1500 gr. by the weight of the water displaced. 

Th« ratio of the weight of the shot to the weight of water 
lilisplaced by it is the specific gravity of the shot. 

AV. Some shingle weigliing 565 gr. is pjft in a 1000 gr. s.g. bottle, and 
the whole then weighs 1370 gr. exelasivc of the counterpoise. 

Weight of substance and water, if none escape . . . 1565 gr. 

,, ,, remaining after esoajie . 1370 gi*. 




Weight of displaced water 


Sp.gr. = 


5^5 

195 


2-9. 


195 gr. 


The Specific Gravity of Liquids. — The principle of Arcl^- 
medes i| also applied to finding the specific gravity of liquids, 
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and the same order may be conveniently followed* in describing 
the various methods. 

I. By Measurement. — If a liquid does not mix with water, 
it can be placed in a U-tube with water, or if it does, mercury 
may be placed in the bend. The ratio of the height of the 
water a])ove the level of the common surface to that of the 
liquid is the specific gravity of the liquid (see p. 192). 

II. The Hydrostatic Balance. — A ball of platinum or of 
some material which sinks in the liquid and which the liquid 
does not attack chemically, is suspended from the short arm of a 
Hydrostfitic Balance. 

The ball is weighed in air, in water, and in the liquid. The 
weight of the liquid and of water displaced is thus found, and 
the ratio of these two weights is the specific gravity of the 
liquid. 

A./'. A ]>latinuTn ball weighs — 

219*2 gr. in air, 

209 *0 gr. in water, 

210*6 gr. in oil. 

Weight of oil disj)laced = 8*6 gr. ; of water displaced = 10*2 gr. 

Specific gravity of oil = ^-~^ = *84. 

III. Tlie Hydrometers, — {a) Nicholson's Hydrometer is 
descri})ed as a hydrometer ‘ of constant volume ' ; since it is 
always brought down to the same mark, the volume imjnersed 
is always the same. Such a hydrometer may be used to find 
the specific gravity of a liquid. The weight of hydrometer and 
weights necessary to bring it down to the mark in water gives 
the weight of displaced water, which is often marked on it. The 
weight of hydrometer as weighted to bring it down to the mark 
in the liquid gives the weight of displaced liquid. The ratio of 
this weight to the weight of displaced water is the specific gravity 
of the liquid. 

(i) The Common Hydrometer is a hydrometer ‘of vari- 
able volume’ (Fig. 61), bewiuse the volume immersed varies, and 
the specific gravity of a liquid is found by the volum(^ of the 
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hydrometer immersed. It is usually made with a glass stem 
and bulb, which is weighted at the bottom to make it float 
upright. 

A unit mark is etched on the stem at the place to which it 
sinks in distilled water at 4° C. (or 60^ F., 
see p. 185). The weight of the liquid dis- 
placed by the hydrometer is constant and 
equal to the weight of the hydrometer. In a 
liquid heavier than water a less volume of 
liquid is displaced and the hydrometer floats 
higher. In a liquid lighter than water more 
liquid is displaced and the hydrometer sinks 
lower. Marks are etched on the stem giving 
the specific gravity of liquids in which the 
hydrometer sinks to those marks. The s.g. 
of the liquid in Fig. 61 is 0*9 at 60° F. 
These glass hydrometers are now provided 
with thermometers in the stem, an important 
addition, since the specific gravity of a liquid 
varies considerably with the temperature. 
The differences in the volumes of liquid dis- 
Pij?. 61 . placed are the segments of the stem between 

Coiiinioii hydrometer. marks, SO that the sensitiveness of a 

hydrometer depends on the thinness of the stem. To detect 
small differences in specific gravity the stem must be thin, while 
to measure widely different specific gravities the stem must be 
thick. 

Hydrometers are graduated for special purposes. Brewers 
and Excisemen, Electricians, Chemists and Engineers have special 
requirements, and though ordinary graduations reading the 
specific gravity only might be used, still it is more convenient 
to have the strength of a spirit or the quality of milk indicated 
without calculation. Alcoholometers, Lactometers, and Brine- 
testers are hydrometers of variable volume graduated for special 
purposes. 

IV.cThe Specific Gravity Bottle. — It is convenient to 
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have a wide -mouthed specific gravity bottle for solids (Fig. 
60), and a naiTOwer mouthed bottle for liquids (Fig. 62). 
The weight of the distilled water at 4° C. (or at 60° F., as 
above) which the bottle contains is etched 
on the: bottle. When a specific gravity bottle 
has been filled and wiped, if it be then held in 
the hand the liquid in it is warmed, and expand- 
ing oozes through the stopper, showing the neces- 
sity of attention to temperatime. The weight of 
the empty bottle is first ascertained and left in 
the scale as a counterpoise. It is then only 
necessary to fill the bottle with the liquid whose 
specific gravity is required and to weigh it with 
the counterpoise in the other scale-pan, the ratio ^ '“gra^vitf ®b^tie^ 
of the weights is the specific gravity. «ide mouth. 

Suppose, for example, a bottle whose water value is 1 000 gr. 
holds 715 gr. when filled with ether, the specific gravity of the 
ether is ‘715. 

Specific Gravity Balls. — Hollow balls of glass, if made of 
weight exactly equal to the weight of liquid they displace, float 
in any position in a liquid. Sets of these are prepared for any 
specific purpose in very closely graduated differences between 
certain limits. The density of a liquid may then be ascertained 
to the closest approximation by choosing the ball Avhich will just 
float or rest in any place in the liquid. They are usually called 
JVihm's specific gravity halls^ bulbs, or beads. 

The Specific Gravity of Gases may be ascertained by means 
of the apparatus used to show that ‘air has weight' (p. 184). 
The glass flask void of air is connected to a reservoir of the gas 
whose specific gravity is required. The weight of the flask 
alone is balanced by a counterpoise, and the weight of the con- 
tained gas is known by placing weights in the other scale-pan, as 
in the case of air. 

It is a matter of general knowledge that gas expands when 
heated (Heat, p. 264) and that the volume of a gas is reduced 
by pressure (p. 171), but at present the specific gravity of the 
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gas shall be considered only in standard conditions, at atmo 
spheric pressure and at a temperature of 0° C. If the empty 
.flask, of volume 250 cubic inches, be filled with hydrogen 
the gas weighs 5 grains, while if filled with oxygen it weighs 
about 81 gr., and if filled with water 56,447 gr. Hence, referred 
to water, the specific gravity of hydrogen is -0000895 and of 
air *0012932. It is convenient to adopt the lightest gas, 
hydrogen, as the standard for gases. Relative to hydrogen the 
specific gravity of hydrogen is 1, of air 14 47, and of oxygen 16. 

Archimedes’ Principle applied to Gases. — The resultant 
pressure of the atmosphere on bodies in the air is a vertical 




Fig. 1i4. — IJaroscoiiP in vacuo. 


upward force equal to the weight of the displaced air. In conse- 
quence, bodies weigh more in vacuo than in air reference is made 
to this difference on p. 106, and it is shown by The Baroscope. 
A small balance has a sphere of cork on one arm and a lead or 
brass counterpoise of slightly smaller mass on the other arm. 
When at rest in air .the lead seems to be heavier than the cork 
(Fig. 63), but when the Baroscope is placed under the receiver 
of an air-pump and the air is exhausted, the cork is seen to be 
really heavier (Fig. 64). In air, they are both buoyed up by a 
force equal to the weight of the displaced air; but as the 
volume of the cork is much greater than that of the lead, the 
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force raising the cork is greater. When the receiver is exhausted 
the upward force is removed from both and the cork sinks. 

Mass and Weight. — The comparison of masses by weighing 
can only be carried out with exactitude in vacuo. For ordinary 
purposes weighing in air is quite accurate enough, but in any 
(juestion of exactitude the English method of weighing against 
])rass weights in air (see pp. 105, 185) is inaccurate. 

One cub. in. of distilled water, freed from air, weighed 
against brass weights in air (temp. 62° F., bar. 30 in.), is 252*286 
grains ; hence the volume of the gallon according to the Act of 
Parliament is 277*463 cub. in. (H. J. Chaney, for Standards 
Dept.). 

But 252*286 grains is not the mass of a cub. in. of water. 
The weight of the air displaced by the water is *266 gr. more 
than that displaced by the mass. Hence the mass of the cub. 
in. of water is 252*552 grains. 

Balloons. — As most bodies are much denser than air, the 
])Uoyancy of the air only causes a loss of weight in them, and 
this being small is usually ignored. But in the case of a body 
of the same mass as the air displaced the resultant pressure of 
the air on it is a force equal and opposite to the weight, and 
the body floats ; or if, like a balloon, it be lighter than the dis- 
])laced air, it is impelled upwards. Suppose that the total mass 
of an empty l)allooii, the car, ballast, and the voyagers be 9 cwt. 
The density of air relative to hydrogen is 14|, and a large 
l)alloon may displace half a ton of air. The mass of an equal 
volume of hydrogen is | cwt., and this leaves a balance of buoy- 
ancy of I cwt., which causes the balloon to rise. 

A balloon is not usually quite filled with gas at first, and 
as it rises and the pressure of the air decreases the gas in it 
expands ; the mass of the displaced air continues constant until 
the expanding gas fills the balloon ; so far the lifting force con- 
tinues the same. A\^hen the balloon is full, gas is allowed to 
escape through a valve or it might Imrst the silk. The lifting 
force then gradually diminishes till an altitude is reached 
Avhere the balloon is in equilibrium. If the voyagers wish 



212 


HYDROSTATICS 


CHAP. 


to rise, they throw out ballast, if they wish to descend they 
let out gas. 

On 15th September 1862, Messrs. Coxwell and Glaisher 
made an ascent from Wolverhampton, and Mr. Glaisher believes 
that before he became unconscious he read the barometer at 7 
inches, corresponding to a height of 37,000 ft.; he actually 
recorded a reading of 9*75 inches, which showed that a height 
of 29,000 ft. had been attained. 

Phial of Four Liquids. — With care, several liquids may be 



Fig. 65.— -Phial of four liquids. Fig. 66.— Egg ou brine. 

placed in a phial in the order of their density. If mercury be 
poured into it first and a little water be poured on the top of 
the mercury, some olive oil can be poured in on the top of the 
water, while a little spirit will float on the oil. The four liquids 
will be seen in the phial or a test tube in the order of their 
specific gravities (Fig. 65). 

An interesting experiment may be made by placing an egg 
in some fresh water at the bottom of a tall glass. Some strong 
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brine is poured down a rubber tube to the bottom. The egg 
floats upon this, and is seen suspended in the middle of the glass 
(Fig. 66). 

This is a fit conclusion to the subject of the Principle of 
Archimedes, for the egg is seen floating at a place where its 
weight is exactly equal to that of the displaced liquid. It is in 
equilibrium under the action of the equal forces ; viz. its weight 
vertically downward, and the resultant pressure of the liquid 
equal to the weight of the displaced liquid vertically upward. 


Specific Gravity or Relative Density 


(From Lui)ton’s Tables, by permission) 


A is the number of grammes in 1 cub. c.m. of the solid or 
liquid ; of gases, printed in italics^ the number of grammes in one 
normal litre or A x 1000 (see p. 210). 


Substance. A 

Alcohol .... 0795 

Aluminium . .27 

Ammonia .... 0‘761 

Bismuth . . . 9 *82 

Carbon . . .1*8 

Carbon dioxide . . . 1’9S 

Chlorine , . . , S' IS 

Copper .8*95 

Cork 0*24 

Diamond . . .3*5 

Glas.s (crown) . . .2*5 

Gold . . . . . 19*3 

Graphite . . .2*2 

Gutta Percha .0*97 


Substance. . 



A 

Hydrogen . 



. 0'0895 

Iron . 



. 7*76 

Ivory 



1*92 

Lead . 



. 11*4 

Marble 



27 

Mercury . 



. 13*6 

Nickel 



.. 8*57 

Nitrogen , 



V266 

Oxygen 



. V4S 

Pinewood . 



0*56 

Platinum . 



.•21*5 

Silver 



. 10*57 

Tin . 



. 7*3 

Zinc . 
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CIIAPTEK YT 

The Atmosphere 


Mercurial Barometer— Siphon Barometer — Weatlier-dlass — Sympiezometer — 
Standard Barometer — Fortin Barometer — Marine Barometer — Vernier — 
Aneroid Barometer — Correction of Barometer Readings - Construction 
of Mercurial Barometer — Glycerine Barometer — Variations in Atmo- 
spheric Pressure. 

It was necessary to refer to the pressure of the atmosphere at 
the very beginning of Hydrostatics, because*, the atmospheric 
pressure is so universal that it is not possible to treat of fluid 
pressure without referring to it. In connection with the air- 
pump and other experiments the magnitude of the pressure was 
measured. This chajjtcr treats of the variations in the atmo- 
spheric pressure and how they are observed. 

A Barometer (/Sdpos, haros, weight) is an instrument for 
measuring the pressure of the atmosphere. 

Mercurial Barometer. — The Torrjcellian tube standing in 
its basin of mercury (Fig. 1) is the l>arometer in its simplest 
form. The i)ressure is measured by the height of the mercury 
column which the atmospheric pressure can support ; so if a 
scale be attached to the tube to measure the distance of the top 
of the column above the mercury in the basin the variations in 
the atmospheric pressure can be observed. 

But such a barometer is not convenient for use ; the cistern 
must be connected with the tube, and the whole must be pro- 
tected. « 

Siphon Barometer. « — The first improvement, which was 
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suggested by Torricelli himself, is to have a tube of U -shape; 
The height of the column is given by the vertical distance AB 


between the two surfaces of mercury (Fig. 67). 
The form shown in the figure was suggested by 
Gray-Lussac, with the object of placing the two 
columns in one vertical line. The shorter arm 
B appears to be closed ; there is a pin-hole at a, 
which ensures the air in B being free and at 
atmospheric pressure. 

Since the fall in one arm is exactly equal to 
the rise in the other, the tube being uniform, a 
fall of -I- in. in the upper and closed end is accom- 
panied by a rise of i in. in the lower open end ; 
in consequence the vertical distance AB is 
diminished by 1 inch. A scale of ] inches 
graduated as inches gives correct readings and 
may be placed by either arm. 

Or the scale may be movable, and its zero 
be brought to the level of the mercury in the 
lower arm. In German instruments the tube is 
often made movable, and by raising or lowering 
the tube the surface of mercury in the lower arm 
is brought to the zero of the scale. In both 
these cases the reading is taken directly on a true 
scale of millimetres or inches. 

Or again, as shown in the figure, there may 
be two scales ; here the scule at A reads 775 mm., 
and that at B 25 mm. ; the difference between 
the two, 750 mm., is the height of the baro- 
meter. 

Weather-Glass. — A siphon -shaped tube is 
used in the weather-glass or fVheel Barometer 



Fig. 67. 

Sipliou barometer. 


(Pig. 68). An iron ball A floats on the mercury in the open 


arm. A string fastened to this ball passes over a wheel C 


carrying an index, and is attached to a counterpoise B. When 
the pressure increases, the mercury rises into the Tolricellian 
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vacuum ; the mercury, and with it the ball A, falls in the open 
arm. When the column falls the ball is raised and the counter- 
poise causes the wheel to move, and the index 
finger returns over the scale. This form of 
I barometer is often met with in country inns ; 

I it is not very sensitive, a small difference in the 

I immersion of the ball A, as the barometer rises 

I or falls, does not exert 

I sufficient force to move 

Hence arose the cus- 
I tom of ‘tapping the baro- 

fl meter’ to see whether 

I ^ rising or falling. 

I tapping causes the R}?.;’?!'' 

il weight to take up its true 1 1. jj^ 

II M flotation if the 

pressure has changed. 


Fig. 08. 

Wheel barometer. 


Recording instru- 
ments are often arranged 




With a mass floating on H fs 

the open cistern, and they are sluggish ^ P 

for the same reason. h P 

Sympiezometer (combined pressure ^ 

gauge).— A siphon tube of small bore d 

has an air-bulb A (Fig. 69) and a large d28||!j 

open arm B containing pink glycerine, |||h ^ Jb I 

which reaches to D in the tube. AD is 
an air-pressure gauge, and, so long as the jlmM 

temperature is constant, reads the pres- 
sure of the atmosphere on a barometer 
scale E. AD is also an air thermometer 
(Heat, p. 266) whose scale is placed «^^-Sympiezometer. 

at C to be clear of E. The scale E is moved till its pointer T 
indicates on C the degrees of the mercurial thermometer. This 
instrument is very sensitive and was formerly much used at sea 


Pig. 69.— Sympiezometer. 
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Standard Barometer. — The points are : exact coincidence 
of the zero of the scale with the free surface of mercury, 
or allowance in the graduation for the movement of the free 
surface; the vertical position of the scales or some mode of 
determining the vertical distance between the two surfaces. 


The Fortin Barometer is a standard 
barometer in which the surface of the 
mercury in the cistern can be raised or 
lowered till it meets a fixed point; the 
scale is a correct scale of inches or mm. 
above this point. The cistern of a Fortin 
barometer is shown in Fig. 7 0. The upper 
part of the cistern C is a glass cylinder, 
and the lower part B is a leather bag. A 
screw with a milled head raises or lowers 
this bag and the mercury in it until the 
ivory pin P meets its own reflection in the 
mercury surface. The point of the ivory 
pin is the zero, of the barometer scale. 

This arrangement makes the Fortin 
barometer a very convenient one for ob- 
servations of heights in mountain explora- 
tion, where the variations of the barometer 
readings are very great. 

Mr. Whymper's picture (Fig. 71) shows 
the mode of suspension which his experi- 
ence approves, and also the way in which 
the barometer is read ; one observer ad- 
justing the level of the cistern and the 
other reading the height of the column. 
The woodcut represents Mr. Whymper 
reading the height of the barometer at 
14T00 in. with a temperature of 21° F. 
on the top of Chimborazo; the altitude 



Fig. (TO. — Fortin barometer. 


given by this reading is 20,608 ft, above the sea-level. Hum- 


boldt had given the height of the mountain at 21,425 *ft., and 
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perhaps there was a little disappointment in discovering that 
* lower it would not go/ 

The barometers are packed for tra\'elling in long boxes care- 
fully padded, and the mercury bag is screwed up till the column 
touches the top of the tube ; they are carried with the closed end 
downwards. 

On Mr. Whymper’s travels amongst the Oreat Andes of the 
Equator the guide, Jean- Antoine Carrel, carried two of them 
weighing 25 lbs. 

The Marine Barometer is arranged to meet the needs of 



Fig. 71. — * Lower it would not j/o.' 


seamen. In it the Toiiicellian tube is protected from injury by 
an iron tube, partly shown in Fig. 72. An iron cistern F for 
holding mercury is screwed on to the end of this tube. The 
cushion E prevents a shock to the glass tube from any blow on 
the iron casing. The hole D provides that the pressure on the 
mercury surface GG should vary with the atmospheric pressure. 
A diaphragm of leather prevents the escape of mercury when 
the barometer is inverted. 

The tube is fine throughout most of its length, as shown at 
A, being increased to the same size as at B at the upper part, 
28 to 32 in. from GG ; this larger part is provided with a 
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scale for reading the variations in height. There is so little 
friction between glass and mercury that, without such a contrac- 
tion, a jolt might cause the mercury to act like a battering ram 


and knock the end out of the glass tube. 
Besides this, the mercury would move up 
and down with every motion of the ship ; 
ail uncontrolled barometer column on shore 
shows this ‘pumping’ in a gale of wind 
with heavy gusts. The contraction of the 
tube retiirds the adjustment of the column 
to small changes of jiressure, and the tu])e 
should be gently tapped if a change is 
suspected. 

The .arrangement of Negretti and 
Zambra’s instrunuiiits is shown in Fig. 
7 2. It is next to impossilde for any air 
which might get into the tube at F to risii 
into the Torricellian vacuum. It could 
not enter the fine tube B, and would be 
caught in the air-trap V. 

It is a special feature of the Kew 
Barometer, of which the Marine Baro- 
meter is one pattern, that no allowance 
has to be made for the rise of mercury in 
the cistern, as this is allowed for in the 
graduation. The inch readings are 
shorter than true inches. * For examjile, 
if the area of the cistern be twenty-four 
times the area of the upiier jwirt of the 
tube, where the variation takes place, let 
the column rise -H4- of an inch, the surface 
(tG falls in. ; in consequence the column 



Fig. 72.— Marine barometer. 


is one inch higher above GG than it was. The barometer will 
in that case read correctly if the divisions marked on the scale 


as inches be real ly H of an inch. 

Vernier. — By means of a vernier, so called after its inventor, 
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any instrument may be read to fractions of the smallest gradua- 
tions into which the scale can be divided. For example, a 
barometer scale (Fig. 73) could not be clearly divided into 
smaller parts than millimetres or than twentieths of an inch. 

By means of a vernier, which is the 
part between the scales in the figure, 
these can be again subdivided. 

To read the baronieier, the vernier, 
which is movable, is brought down 
so as apparently to touch the convex 
surface of the mercury column. In 
the figure, the vernier has not been 
brought down upon the mercury, so 
that this convex surface may be seen. 
Hence the reading of the vernier in 
the figure is not the reading of the 
barometei*. 

The divided portion of the ver- 
nier has one more division than the 
portion of the scale over which it 
extends ; in the figuie a length of 
the vernier equal to 19 mm. is 
divided into twenty parts, and a 
length of the vernier equal to 24 
half-tenths of an inch is divided into twenty-five parts. The 
divisions of the vernier are numbered from zero upwards accord- 
ing to the fractional parts of the graduations which are to be 
read ; in this case hundredths of a millimetre and fiftieths of the 
twentieth of an inch. The divisions on the right show an alter- 
native mode of marking, 1 to 5 instead of 10 to 50. 

To read the vernier, the number of the graduation next below 
the zero or lowest line of the vernier is first noted; here 763 
mm. or 30*05 in. The zero is above these graduations by a little 
space ; it is the estimation of the value of this space which the 
vernier effects. It will be noticed that this space is closed up 
little by little at each successive division until a division of the 
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vernier is in line or coincides with a gi'ddmtion of the scale. If the first 
division were to coincide, the small additional space would be 
mm. or bisected tenth inch ; if the second, 

mm. or of the twentieth of an inch. If, as in the figure, it is 
the 90th on the left and 36th on the right, the latter space 
is fS twentieth of an inch. This value 

is added to the lvalue of the graduation next below the zero 
of the vernier. The reading of the vernier in the position 
shown is 763*9 mm. or 30*086 in. 

Aneroid Barometer. — The difficulty of transporting mer- 
curial barometers is very great. They are cumbrous and fragile. 
A form of apparatus which will register differences of pressure 



Fijf. 74.— Aiieroi<l. 


accurately without the dangerous comptinionship of glass and 
mercury would be a great acquisition to mountain explorers. 
This was ho])ed for from the aneroid (a, not ; r>//) 09 , nmvs, liquid), 
the invention of A'idi, introduced to the British Association in 
1848. 

A flat, round box of white metal is exhausted of air. To 
cause its flat top and bottom to be weak to resist pressure they 
are corrugated in concentric rings (Fig. 74). The atmospheric 
pressure would force together the top and bottom of the box if 
this were not prevented by a pillar from the centre attached to 
a strong spring above it. If the atmospheric pressure increases, 
the spring is pulled down; if the pressure diminishes, the spring 
rises. Thcfe movements are very small, but are magnified by a 
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lover and ai'o communicated by a rack and pinion to an index 
finger which traverses a dial and indicates the variations of 
pressure. Mr. Whymper carried five aneroids with him on the 
journey described in his Great Andes of the Equator, but he was 
obliged to disregard all their readings. The behaviour of these 
instruments under low pressures he has further descri]>ed in his 
How to me the Aneroid Barometer. 

Two of his aneroids read 13*05 and 12*00 respectively on 
the occasion referred to above, when the Fortin read 14*1 in. 

For travellers who do not climb very great heights or desire 
great accuracy, the aneroid is a very convenient and sufficiently 
correct indicator of altitude. 

Correction of Barometer Readings — 1. Parallax. — The 
index line of the vernier should be a tangent to the curved 
surface of the mercury column. To avoid error through parallax 
the vernier (Fig. 73) is usually accompanied by a screen moving 
with it on the opposite side of the column. When these are 
kept in a line with the eye, and the vernier is brought down 
on the column, parallax is avoided. 

2. Temperature. — All good barometers are furnished with 
a thermometer whose bulb is close to the barometer tube. The 
temperature defines the density of the mercury and the height of 
the column corresponding to a given pressure. Reduction tables 
should be made for each instrument so as to allow for the 
correct; on for expansion in all parts, the case, the scale, etc., as 
well as the mercury. 

3. Capillarity and Gravity. — :^or these, tables must also 
be given. But the effect of capillarity depends so much on the 
cleanness of the mercury that it is not easy to apply it. The 
correction for variation of g at different places may amount to as 
much as *08 in. ' 

4. Height above Sea-Level. — The mean sea-level for the 
British Isles is the mean half-tide level at Liverpool. Tables 
are given for the correction of readings to sea-level ; a simple 
rule is to allow 0*1 inch for each 90 ft. (See p. 191.) 

5. Mercury Vapour. — This is a small correction depend- 
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ing on temperature and usually allowed in the temperature 
table. 

Construction of Mercurial Barometer. — The points requir- 
ing care in the construction of a mercurial barometer are : — ' 

1. The mercury must be pure and clean. 

2. The mercury must be carefully boiled in the glass tube so 
as to expel air and moisture. 

3. The scale must be correctly flivided and fixed in its true 
position. 

Glycerine Barometer. — There are manifest advantages in 
the use of mercury for the barometric column in ordinary cir- 
cumstances. Owing to the great density of mercury the column 
is short, and the pressure of mercury vapour is too small to be 
considered. 

A barometer may, however, be constructed with any liquid, 
and the column being longer the changes in atmospheric pressure 
produce greater changes of height than in the case of the mer- 
cury column. 

The pressure of water vapour being considerable (see Heat, 
p. 323), a water barometer is seldom used, but glycerine does not 
give off vapour, and is therefore suitable for the purpose. 

The column of glycerine (s.g. 1 *28) corresponding to 30 inches 
of mercury (s.g. 13*59) is 318*5 inches, so that a glycerine 
column moves about lOj inches for every inch of the mercurial 
barometer. The variations of a Jordan Glycerine Barometer are 
given daily in The Times. 

When it is possible t(\ place a cistern 27 feet below a con- 
venient place for reading the barometer, a glycerine barometer 
may conveniently be erected. In H.M.S. Britannia the cistern 
was in the hold and the top of the column near the other 
instruments. 

Variations in the Atmospheric Pressure. — The earliest ob- 
servations showed that the weight of the atmosphere, and so the 
pressure which it exerts, is continually ^*arying. The column of 
mercury sometimes rises and sometimes falls, so that no constant 
value can be assigned to the atmospheric pressure. 
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Those who study the meteorological reports in The Times 
and elsewhere are acquainted with the lines of equal barometric 
pressure called isobars. These arrange themselves over the map 
like contour lines over country ; it is with the arrangement of 
these that the motion of the winds is connected. 



Pig. 75.— Anticyclonic system, 8 A.M.?20th September 1895, 


The telegraphic reports received from places scattered over 
wide areas enable meteorologists to ojitline these ‘ isobars/ 

The diagrams are copies of those issued by the Meteorological 
Office on 30th September and 3rd October 1895, and represent 
the break-up of a long spell of fine weather which lasted up to 
29th September. On that day a high pressure area is seen 
over the British Isles (Fig. 75) ; in two days' time it gives place 
to a low pressure area (Fig. 7 6), with high winds and rain. 

Tl»&e instances are typical of the two main conditions which 
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occur, and serve for weather prediction. The high- or low-pres- 
sure areas appear to advance over the surface of the earth. 
Art atmospheric area with a centre of least pressure is called 
a cyclonic system (Fig. 76). 

In this the air revolves against the hands of a watch. The 



lower layers of air are flowing in a spiral into the area of least 
pressure, and the air at that point is rising from the earth s 
surface. It expands and becomes cool ; the water vapour is 
condensed and rain falls. The isobars are close together towards 
a low-pressure area, and the winds may be very violent. 

In other cases areas appear with centres of greatest pressure. 
Kound these the air revolves with the hands of a watch ; they 
are called onticyclonic systems (Fig. 75), the isobars are^i^t so 
close together — there is not such a high gradient. The i^nds 
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are not so strong, and the upper air is descending. Such con- 
ditions imply dry weather. 

Several causes affect the barometric reading and, as they 
operate together, it is not easy to distinguish the effect of each 
cause. 

The corrections which have been already referred to under 
Reading and Cmrection of the Barometer above having been made, 
the following variable elements remain, which may be classed 
together as meteorological conditions. 

Some of these, the effect of the changes of temperature on 
the weight of the atmospheric column and the pressure of water 
vapour present in the air, must be discussed under the subject 
of Heat. If these could be eliminated and corrected for,, there 
would still be changes of pressure. The atmosphere surrounding 
the earth is in a continual state of motion. If it could be made 
visible to an observer outside the earth he would see a complexity 
of waves crossing and recrossing one another, causing points of 
greatest and least pressure. Immense vortices would be seen in 
action, causing rarefaction or compression at their centres. The 
layers of the upper air would Ije seen moving in one way, while 
the lower layers move in another direction. 

The motions of the air, considered mechanically, are modified 
by the rotation of the earth from west to east. Dove's law of 
storms is that the wind generally moves in the northern hemi- 
sphere in the direction opposite to the hands of a watch, the 
reverse being the case in the southern hemisphere. Buys-Ballot's 
law states that if the back be towards the wind the barometer 
will be lower on the left hand in the northern hemisphere, the 
reverse being the case in the southern hemisphere. 

The diagrams (Figs. 75 and 76) illustrate the truth of the 
laws of Dove and Buys-Ballot. 

The general directions for estimating the weather given by 
Admiral FitzRoy agree in the main with these principles (see 
Heat, p. 364), 



CHAPTER VII 
Pumps 

iSLtmosjiheric Pressure Utilised — Siphon — Pumps — Common Pump —Lift- 
Pump — Force-Pump — Air-Chamber — Valves — Fire-Engine — Compress- 
ing Air-Pump— Diving-Bell. 

The Atmospheric Pressure Utilised. — The universal pressure of 
the atmosphere was utilised long before it was known to exist. 
When a boy uses a ‘sucker’ he calls in its aid. A piece of 
leather is thoroughly softened in water and a string is attached 
to the middle of it. It will now fit closely on a stone or any 
smooth object ; when the string is pulled a vacuum is left under- 
neath and the atmospheric pressure presses the edges firmly 
against the stone, making them adhere sufficiently for the string 
to lift the stone. The limit to the force that can be applied is 
the product of the atmospheric pressure and the area of the 
leather, for this is the force which the pressure of the air exerts 
to make the stone follow tMb sucker. 

Fountain inkstands, such as the / isobath ’ ; the common 
weather glass used in a cottage, a bottle half full of water inverted 
into a tumbler ; water bottles for biid cages, etc., are all made 
to use the fact that liquid can be held up by the atmospheric 
pressure. 

Siphon. — If a V-shaped tube be filled with water and the 
finger be placed on one end, it may be inverted without any 
of the water flowing out. If one end of it be immerse^ , in a 
vessel of water, the other end being below the level of the 
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Jb'ig. 77.— Siphon. 


water, the water will flow out Such a tube is called a 
(Fig. 77), If any part of the siphon were raised higher above 

the surface than the height 
of a water barometer, the 
water would not stand so 
high in the tube, and a 
vacuum would be formed. 
This shows that the reason 
why liquid flows up a siphon 
tube is that the atmospheric 
pressure balances the liquid 
column, which reaches to 
the bend. Looking at the two columns as the two arms of a 
balance, the arm outside the vessel outweighs the shorter arm 
and flows downward. Were the liquid at the bend not to follow, 
a vacuum would be formed there, as 
mentioned above in the case of water 
if the bend is more than 32 ft. in 
vertical height from the surface. To 
any height less than this the atmo- 
spheric pressure forces water to rise, 
and to follow the longer column. 

This may be experimentally proved 
by placing a siphon under an air-pump. 

A siphon discharging mercury, if placed 
under the receiver, is stopped when the 
pressure is sufficiently reduced. TRe 
experiment cannot conveniently be car- 
ried out with water, as a short column of 
water such as could be placed under a 
receiver causes so small a pressure. 

Tantalus Cup. — A siphon is concealed inside a figure 
of Tantalus, which is placed in a vase (Fig. 78). Water is 
poured into the vessel, and no sooner does it reach the top of the 
siphop and approach his mouth than the water all flows away 
through the bottom, leaving him as thirsty as ever. 



Fig. 78,— Tantalus cup. 
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Intermittjent Spring. — I f the outlet from a subterranean 
cavity rises before it falls into a valley, the wivity forms a 
reservoir of water and none will flow out till the water reaches 
the top of the bend ; then all the water in the reservoir will be 
discharged. The cavity fills gradually by percolation through 
the soil and discharges at intervals, the result is an intermittent 
flow of water. Such a spring is the Fountain of the Virgin in 
Jerusalem, which flows three times a day in wet and once in dry 
weather (Jerusalem, Conder, p. 366). There used to be before 
A.D. 1630 a remarkable intermittent spring near Paderborn which 




Fig. 80. — Atmospheric pressure exhibited. 


came out with so great force as to turn mills, but which stopped 
entirely for six hours daily ; it ceased to exist about that date. 

Flushing Cistern. — A small pipe runs continuously into a 
cistern (Fig. 79). When the water reaches the top of the exit-pipe 
A, instead of running down the sides, it is guided by a collar down 
the middle, taking air with it, and so rarefying the air in the 
cap B, which covers A. A*siphon action- then takes place, and 
the cistern is rapidly discharged, giving a strong flush of water. 

Pumps. — Liquid may be discharged over the brim of a 
vessel or oven over a small hill by means of a siphon. But in 
the ordinary way force must be exerted to remove water from 
place to place, and this is done by means of a pump. 

The atmospheric pressure was utilised in pumps even before 
it was known to exist; the manner of its application to the 
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removal of water will be shown by some experiments introductory 
to the subject of pumps. 

When a tumbler brimful of water is covered with a card, the 
tumbler may be inverted, as shown in Fig. 80, without any 
liquid escaping. The atmospheric pressure exerts force on the card 
more than sufficient to overcome the weight of the water in the 
tumbler, for there is no atmospheric pressure downwards on the 
water. 

A Pipette is a little pipe with which drops or small 
quantities of any liquid may be easily taken from a vessel. The 



shape of it varies (Fig. 81) with the use which is to be made of 
it. When dipped into the liquid it fills to the level of the 
liquid; the finger is then placed on the upper end, and the 
pipette is removed full of liquid;, the atmospheric pressure 
prevents the liquid from flowing out of the tube again. Much 
liquid or little, as desired, may then be allowed to come out of 
the tube by moving the finger and admitting air above. 

A Syringe may be used for the same purpose. The glass 
syringe (Fig. 82) is not different in shape from the pipette, but 
a plunger fits tightly in the larger part of the tube. When this 
is raised the liquid flows into the tube much as when the pipette 
is witfidrawn from the liquid with the finger on the end The 
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syringe is then brought out, and whatever liquid is required is 
released by depressing the plunger. 

The condition of things as the plunger is first raised should 
be noticed. In the figure it may be observed that the liquid is 
raised above the general level, but that there is a space between 
liquid and plunger. This is the air which was between the 
plunger and the liquid at the beginning. The pressure of this 
air, together with the pressure due to the column of liquid, is 
equal to the atmospheric pressure. 

The Common Pump. — Suppose now that the barrel of the 
syringe be very long and the plunger be gradually drawn up it, 
the liquid does not rise so high as the plunger if there be some 
air below it, but a column of li(juid follows the plunger. There 
is a limit to the height of this column ; when the pressure 
due to the column is equal to the atmospheric pressure the 
liquid can rise no higher, nor can it rise so high if there be any 
air enclosed below the plunger. 

If the plunger bo lowered 
again, the liquid descends and 
things are as they were at first. 

But suppose a door or valve A 
at the bottom of the pipe (Fig. 

83), so that the liquid cannot 
descend, then neither can the 
plunger descend, except so Par 
as there is air which it com- 
presses. But if there be a |loor 
or valve B in the plunger or 
piston, the air and then the 
water flows through this as the Down.»troke. ui..stf«ke. 

pjston descends. When the Fig. 83.-co.nmo., ,m.np. 

piston is raised again (Fig. 83), 

the valve B in the piston closes, and the liquid above it is 
lifted and flows over. Liquid then follows the piston without 
any air space. This arrangement is called a Common Pump. 
In the common pump there is a valve in the pistto and 
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also at the bottom of the cylinder, both opening upwards. 
On the down-stroke the valve in the piston is opened, and on 
the up-stroke the valve at the bottom of the cylinder. As 
often as the piston is raised water is raised and flows out of the 
spout. But the pump will not draw water from a depth of more 
than 34 ft. Indeed it will not draw from so great a depth ; the 
pressure of water vapour at 60"^ F. is that due to about 7 inches 
of water. No air can leak through piston or valve when there 
is water above the piston, and the pump should lift a column 
33 ft. high. When a pump does not ‘draw* — that is when 
piston or valves are leaky — water is thrown into the barrel, 
if any can be had, and this effectually stops the leakage. If 
there be a hole in the pipe below the piston the pump will 
not lift water at all, as air enters the hole when the piston is 
raised. 

Lift-Pump. — ^When water is to be lifted to any great height, 
as the pump barrel cannot be placed more than abotit 30 ft. above 
the water, another arrangement is made. 
Instead of allowing the water to flow 
over, a pipe (Fig. 84) is led from the 
top of the cylinder, through which the’ 
water may be raised. There is a valve 
C at the bottom of this pipe which 
supports the column of water in the 
pipe durifig the down -stroke, but the 
use of this valve should not be mis- 
understood. , The pump works just as 
well without it, as the water rests on 
the lower valve A during the down- 
stroke, but when the column of water 
Downnitroke. Up-stroke, is great the lower valve should be rg- 

Fig. 84.-^Liftrpump. licved of its Weight during the downward 

stroke of the piston. 

There is no limit of the height to which water can be raised 
by the lift -pump, except the strength of the different parts. 
Cornish and other mines are drained by this class of ppihP> and 
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visitors often notice the massive beams and counterpoise requisite 
' to carry the heavy rods. 

Fopce-Pump. — force-pump is like a syringe in that the 
plunger is solid, and liquid is forced out by the depression of 
the plunger. But the liquid leaves the syringe by the orifice of 
entrance, and this is not what is wanted in a pump. A door or 
valve A is fitted to prevent this, and another pipe leads from 
the bottom of the cylinder with a valve B opening outwards 
(Fig. 85). When drawing water from a depth the force-pump 




Up'fitruke. Down-stroke. 

Pig. 85.— -Force-pump. 



Fig. 80. — Force-pump with air-chamber. 


acts as a common pump, and is limited by the height of the 
water barometer. The water can then be forced to any height, 
according to the strength of the pump. 

If much force is to be exerted the plunger is made like the 
ram of a hydraulic press (Fig. 86), and is fitted with a cup 
leather to prevent leakage. Force-pumps are used for main- 
taining pressure in a system of pipes for transmitting power. 

Air-Chamber. — A force-pump is almost always provided 
with an air-chamber. Water being practically incompressible, 
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any force applied suddenly to it when it has no means' of escape 
causes an impulsive pressure throughout the whole, and may 
exert an extraordinary stress on the apparatus. An dr-chamber 
(Fig. 86) is provided in which the water can compress the air 
and so allow the force to act through a little distance, expend its 
energy (Mechanics, p. 54), and avoid an impulsive shock before 
which * something must go.’ 

Valves are of different kinds according to the purposes for 
which they are required. The simplest valve is a door opening 
one way only, such as is shown in Figs. 83-85 ; this is called a 
‘ cl(Kk valve,^ The valve shown at A in Fig. 86 is a ‘ hall valve.’ 

Air-pump valves usually consist of a 
strip of oiled silk stretched over a 
hole. 

Fig. 87 shows a common non- 
return valve used in steam machinery; 
A is the inlet and B the outlet ; C is 
a conical valve which is guided by the 
* feathers ’ F, so that it rises and falls 
^ ^ , without getting out of place. D is 

a guide which regulates the lift of C. 
AVater or steam can flow from A to B but cfinriot return from 
B to A. 

The indio.-mhher disc valve (Fig. 88) is also shown at U in Fig. 
105. The india-rubber disc V closes the grating in the valve- 
seat S so that no fluid can flow downwards through it ; the fluid 
can pass upwards by raising the india-rpbber disc. The guard G 
prevents it from rising too far. 

Fire - Engrine. — AVhat is required in a fire-engine is that 
water should be driven in a continuous stream through the hose 
and branch pipes to extinguish a fire. This familiar machine is 
illustrated by the lecture-room model (Fig. 89). The two 
plungers worked by the rocking lever draw the water through 
the valves A and B, and force it alternately into the air-chamber 
C through the valves A' and B', which prevent its return. The 
water atefirst enters the chamber faster than it can escape by 




Fig. 89 .— Model flre-eugiue. 
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the exit D into the pipe E ; it compresses the air in the chamber, 
and so a continuous pressure is exerted on the surface of the 
water in C. By this means a continuous stream is driven out 
with considerable force instead of being driven out at each stroke 
of the pumps. 

The Compressing Air-Pump is a force-pump used for air. 
The valves are arranged as shown in Fig. 85. Pumps for 
inflating footballs or pneumatic tyres have valves thus arranged, 
and the form of the pump is suited to the convenience of the 
user. The powerful engines used for compressing air for the 
caissons mentioned below, for operating an installation of 
pneumatic tools, for refrigerating engines, or for torpedo pro- 
pulsion, blowing engines for blast furnaces or for large organs, 
all .these have the same arrangement of valves. The scale and 
design of compressing pumps varies widely with the purpose for 
which they are intended. 

Compressing pumps are also used to supply divers with air. 

Diving-Bell. — When an empty tumbler is inverted over the 
surface of water some air is shut in the tumbler, which cannot 
escape so long as the rim is horizontal. As the tumbler is 
lowered into water the air is compressed into a smaller space 
and its pressure increased. If it were lowered to a depth of 
34 ft. the air would be compressed into half its volume, the 
pressure'of the air being doubled. It is in this way that a diving- 
bell is lowered into water to be employed in doing work under 
water ; but to avoid the water rising in the bell a compressing 
air-pump is employed to force air through a tube into the bell. 
The bell is kept full of air at additional pressure due to the 
depth of the water. In building the Forth Bridge caissons 
(pronounce casoom) were constructed, 70 ft. in diameter, being in 
fact large diving-bells. These were floated out to their positions 
and sunk ; air was pumped into them to drive the water out ; 
excavators worked inside until they rested on an even basis. 
They were then filled with masonry and formed foundations to 
the piers. The pressure in the caissons at high water was 
nearly tigee atmospheres. 
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A diving-dress is also supplied with air by compressing 
pumps ; the pressure in the helmet is greater than atmospheric 
pressure by that due to a column of water equal in height to the 
depth at which the diver is working— one atmosphere for each 
five fathoms. 



CHAPTER VIII 
Moving Fluids 

Hydrokineties — Hoad of Walor— A^locity due to Pload — Flow of Liquid — 
Sha[)e of Flowing Jot — Vena Contraola — Falling AVator — Pressure of 
Moving Fluids — AViiid on Sails — Windmills — Kjoctor or Injector — Un- 
balanced Pressure — Barker’s Mill — Work d(»ne by Moving Water — Tur- 
bines — Water-Wheels — Centrifugal Puiup—Hydraulic Kain — Resistance 
to Motion — Propulsion of Ships — Power Necessary for Speed — Water 
Engines. ^ 

Hydrokinetics is the science of moving fluids. This is a 
subject of great ditticulty and can only be slightly noticed 
here. Theoretical questions deiiling with perfect fluids ^vithout 
friction are difficult ; but the difficulty is enormously increased 
if the viscosity and friction of fluids arc to be taken into 
account. 

Head of Water. — The height of the surface of water above 
a water-engine is called the Imad of water. If the water is at 
rest, the head of water causes a pressitre, as referred to in Chap. 
IV., increasing at the rate of one atmosphere, about 14*7 lb. per 
sq. in., for each 34 ft. of height. Pressure in water caused by 
pump, accumulator, etc. may consequently be described as a 
‘head of water’ and measured at the same rate, which is 
equivalent to 2*3 ft. of head for each 1 lb, on the sq. in. 

Velocity due to Head. — If water falls freely from a height it 
acquires a velocity in falling which varies as the square root 
of the height (t^ = 2yA, Mechanics, p. 11), there being no 
friction. Again, if a hole be opened in the side of a vessel 
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containing water under pressure water flows out at a rate 
depending on the pressure. It appears likely, though it would 
be difficult to prove it theoretically, that these two facts must 
be connected. Torricelli devised an experiment for showing 
that this is so, and that the velocity of efflux is that due to a fall 
from the height of the surface above the mifice. 

Flow of Liquid through an Opening — TorrirelU's Theorem . — 
A tall vessel is supplied with water so regulated as to remain 
alw^ays at the same level. Small holes are 
made in the side of the vessel from which 
the water can flow horizonUilly, and these 
can bo closed by rubber stops (Fig. 90). 

It is convenient not to have the holes 
vertically above one another. Rich hole 
is oiMjned in turn and the curve of the 
flowing jet is traced on a board which is 
brought near to it. 

Now in the illustration (Mkchanics, 
p. 1 8) a jet is shown rising nearly to the 
level of the surface of the water; the 
theoretical height and shape of the curve 
are ciltered l)y the friction and viscosity of 
air and water. But it w^as there experi- 
mentally shown that the velocity of the 
issuing jet is that due to a fall from the 
free surface, and that the cui*ve is a piira- 

Fi},'. <K).— Torricelli’s theorem. 

In Torricelli^s experiment the question 
is limited to the shape of a jet issuing horizon tiilly. The velocity 
of efflux ’where h is the depth of the nozzle below the 

surface, 

D (the horizontal distance after a time t) = 

F (distance of fall below nozzle .... ) = 

From this we conclude that D“ = 4//F. 

When the product of h and F in any two curves is the same, 
the curves have the same value of D. 
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The forms of different curves of water falling from nozzles 
above one another at equal distances are seen in Fig. 91, the 

surface of the water being at 
AB, an equal distance above 
the highest. The intersections 
of the curves illustrate the 
condition D^ = 2AF. The first 
curve (for which A = l) meets 
the second (for which A =2) 
where its F = 2 and the third 
where its F = 3. The second 
meets the third where its F = 3, 
and the third meets the fourth 
where its F = 4, and so on. 
Shape of a Flowing Jet. — 
When a hole is opened in the bottom of a vessel full of water, 
the water does not flow straight through the hole as if it were 
the end of a pipe. All the water in the vessel is trying to 
flow out at once like a crowd going through a door (Fig. 92). 
The effect of the combined motion of the 
particles of water before leaiang the orifice 
is seen in the shape of the jet after leaving 
it. The outer particles flow in towards the 
axis of the column and the diameter of the 
jet diminishes as it leaves the orifice ; it is 
not a cylindrical column of water which 
flbws out. 

Vena Contracta. — This narrowed stream 

Fie. 92. — Vena (yontxacta. 

is called the vma contracta. The illustration 
and description above refers only to a stream issuing from the 
bottom and falling vertically. This case is the simplest, but the 
* vena contracta * is seen in the case of a jet issuing from an orifice 
in any direction. It occurs at a distance of about the radius of 
the hole from the opening. At this point the stream may be 
little more than half the opening in area of section. 

It follows from this that the actual velocity of efflux; 
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Fig. 93.— Branch 


depends on the shape of the orifice or nozzle from which water 
flows. 

If the orifice be made of the shape of the vena contracta (Fig. 
93), the velocity is very nearly the velocity theoretically due to 
the head of water. Con- 
sequently it is usual to 
shape the issuing nozzle 
of branch pipes so as 
to contract the jet be- 
fore it leaves. 

Falling Water. — 

The rate of flow from 
the vessel is measured by the product of the contracted area and 
the velocity of efllux. This product gives the volume of water 
flowing out in a unit of time. At a lower 
point of the stre^im the velocity of the falling 
water is increiised. Looking at the falling 
stream as a column of 'svater, the same volume 
of water must pass any point of it per unit 
of time, this being the amount that is leaving 
the vessel. Hence, at a lower point, the 
sectional area of the column must be less, and 
will go on decreasing until so small a section 
is reached that the stream breaks into drops. 

The fonn of these drops was firsf made the 
subject of inquiry by the eminent physicist 
Scivai-t. • Their actual shape appears to be due 
to eddies in the liquid round the orifice. The 
effect of these is to set up pulsations in the 
falling column. Eddies, in fact, arc set up in 
the falling water itself. In consequence of 
these, small drops appear to be inserted be- 
tween the larger falling drops, and the stream 
has the general appearance of Fig. 94, when 
seen instantaneously illuminated by an electric flash. The 
shape of a falling stream is affected by the viscosity of Che air; 


I 

o 
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Fig. M.— Falling Htream. 
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SO the pulsations of air causing sound have an effect on the jet. 
The sound pulsations cause the drops to rearrange themselves, so 
that the period of vibration in the stream may correspond with 
the period of the note sounded. These observations are more 
fully treated of in Sound. 

The Pressure of Moving Fluids. — A fluid in motion exerts 
a pressure on a solid surface placed at right angles to its direc- 
tion. When the surface is inclined to the current of the fluid, 

the pressure is still perpendicular to 
the surface but less in amount as the 
inclination to the line of flow becomes 
more acute. In both cases the amount 
of pressure depends on the velocity of 
the current. These principles may be 
illustrated, and proved in the case of 
Avater, by the following experiment 
(Fig. 95). A vertical tube open at 
the top is })laced in a stream Avith its 

Pig. 95.— 'Pressure of moving water. , i i i • .it 

loAA^er end l)ent into a horizontal direc- 
tion so as to face the stream. The AA^ater rises in the tube to 
a height, a fall from which gi\"es a velocity equal to that of the 
stream. This is really the converse of Torricelli’s Theorem (p. 
239) as to the velocity of an issuing stream — 

The ^pressure in a moving liqiM varies as the head of liquid, 
and therefore as the square of the velocity. *■ 

The weight of the water in the tube exerts a pressure at its 
mouth, and the fact that such a column is supported shoAvs that 
the flowing stream exerts an equal pressure there. This pressure 
is exerted on a surface placed at right angles to the direction of 
the stream. When the mouth of the tube is inclined at any 
other angle to the line of motion a smaller column of water is 
supported, shoAving that the pressure of a flowing liquid is less 
in amount as the inclination to the direction of flow is more 
acute. 

Tho» height of the column and the pressure on a smiace would 
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be proportional to the square of the velocity only in the case of 
a ‘perfect* liquid. In a real liquid the friction and viscosity 
give rise to eddies when it is in motion, and these affect the 
amount of pressure. In fact the pressure on a surface at right' 
angles to a stream does in practice exceed the pressure due to 
the speed and the head of water causing it. 

The pressure of moving water on a fixed surface is a subject 
of graat difficulty, and it has been fully treated of by Lord 
Itayleigh. 

Wind on Sails. — The velocity of wind varies from a hardly 
perceptible breeze moving perhaps a mile an hour to a hurricane 
with a velocity of from 80 to 100 miles an hour. The pressure 
exerted by the wind depends on its velocity, and may be as 
much as from 30 to 50 lbs. on the square foot. 

What has been said of the pressure on a surface inclined at 
any angle to a stream applies to wind-pressure; it is greatest 
when a surface is at right angles to the direction of the ^vind, 
and less as the inclination is more acute. 

In bridges or other structures provision must be made for 
strength to withstand the lateral pressure of the wind. But 
practical use is made of the pressure of the ^vind ; it exerts 
force on the sails of a ship, boat, or windmill, and thus does 
work. 

The pressure on the sail is due to the relative velocity of the 
wind and sail, and this fact gives rise to a sort of paradox, 
in that a boat goes faster across the wind than with it. This 
is best seen in the case^of the ice-yachts used on the North 
American lakes and rivers. The force required to overcome 
the friction of their runners is very' small, and they make very 
little ‘ leeway,* so the problem is simpler than in the case of a 
ship. 

Suppose an ice-yacht with its sail set across the wind ; when 
at rest the full force of the wind impels it, but as it acquires 
speed the force diminishes, being due to the relative velocity of 
wind and sail. When before the wind the yacht goes nearly as 
fast as the wind, but it cainnot go faster than the wind. • 
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When the yacht is ^oing across the wind (Fig. 96 ) the force 
on the sail AB does not vanish, whatever the speed ; and as but 
a small force is necessary to propel an ice-yacht, extraordinary 
speeds' have been reached with a moderate l)reeze. 

“Col. E. H. Sanford, the Commodore, declares that in his 
opinion the Avalanclw and Icicle^ and several others of the Hudson 
River fleet, have at times attained a speed of 90 miles an hour.” 

The same principles apply to the sailing of a ship or bojit ; 
the trimming of sails and the sailing so as to keep them full is 
an apidication of these principles by those who may be ignorant 
of them, but whose eyes and hands have been trained by 
experience, which itself is the basis of all scientific knowledge. ^ 



Windmills are machines for utilising the movement of the 
air and compelling the winds to do work. There is the old- 
fashioned mill with its four arms ; these are not flat, but shaped 
like part of a screw surface. Near the, centre the sail is inclined 
at f right angle to the axis of rotation, and it is less and less in- 
clined until at the tip it is very nearly at right angles to the axis. 
Each part thus has the same propelling effect ; for tlie part nearer 
the axis does not move so fast, and the speed of the sail changes 
the angle at which the wind strikes the sail. In the oldest mills 
a sail is spread on the arm, but this has given place to ‘ louvre 
boards,' like a Venetian blind, which can be ‘feathered ' or turned 
at a greater or less angle to the wind, according to its strength. 
The* old* form of mill has given place' to a circular pattern, in 
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which the fans are arranged radially between two concentric 
circles. These fans can also be ‘ feathered.^ 

E!jeetor or Injector. — In one way or another every one^has 
met with some form of ejector or injector. In a scent iifFuser 
or in some forms of ventilator, moving gas is seen carrying other 
vapour or gas with it, just as people may be carried, perhaps 
unwillingly, by a crowd entering a door. 

The ejector is used as a pump to suck air or water out of a 
reservoir. The injector is used to force air or water into a 
reservoir. The diagram (Fig. 97) represents an ejector as 
commonly fitted in a steamboat for getting rid of the water 
from the bilges by blowing it overboard. This figure serves 
just as well to illustrate the elementary principle of the injector. 



Fig. 97. —Injector or Elector, Fig. 98. — Injector. 


In both of them the moving fluid passes through the middle of 
a hollow cone A, and carries with it into the pipe C other fluid 
which is supplied through the pipe B and conducted round the 
outside of the cone. 

Both are used on soiTie locomotives. In the ejector of the 
vacuum brake, steam is blown through the inside of the cone and 
^carries . with it the air round the outside, and thus the air is 
extracted from the brake -pipe. In the injector, steam blown 
through the middle carries water with it round the outside, 
which it forces into the t^biler. The diagram (Fig. 98) repre- 
sents a modern form of injector; the same letters arc placed 
in positions corresponding with those in Fig. 97. It is a paradox 
that steam coming out of the boiler should force water into the 
boiler against a pressure actually greater by the depth of water 
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than the pressure of the steam. Some of the steam is condensed 
by the cold water, and the steam and water following to fill up 
the. space acquire kinetic energy. This does work against the 
boiler pressure by forcing water to enter. 

The ejector is used in Californian gold-mining in the form 
of what is called an elevator. Water is led from a great 
height into the tube A; its velocity, which is considerable, 
enables it to suck gravel with the water through the pi 2 >e B and 
deliver it through C. As much as 200 tons an hour are thus 
excavated. 

Unbalaneed Pressure. — If a vessel be full of water it will 
rest on a horizontal table, however smooth, the resultant pressiu*e 
on the sides and bottom is a vertical force equal to the weight 
of the water in the vessel. If a hole be now oi)cned in the 
side of the vessel, there is no pressure on that area, and the 
water flows out. The resultant pressure on the area of the 
hole was a force which is no longer exerted, and the part 
of the resultant pressure which was in equilibrium with it is a 
force impressed on the vessel, which, now unljalanced, must 
produce movement unless prevented by friction. The vessel 

will move in a direction 
opposite to that of the issu- 
ing stream, in consequence 
of the pressure on the side 
opposite to the opening. 
In the ex})criment (Fig. 
D9) a tall vessel is carried 
in a larger one and floats 
in a tank, the motion can 
then be seen. 

Barker’s Mill. — A 
closed tube C placed verti- 
cally, so that it can revolve 
on its axis, has two arms 
curved as shown in the plan (Fig. 100). Water flows into the 
vertical tube, and as it escapes by the curved arms the whole 



Pig. 99.— Unbalanced pressure. 
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is made to revolve ; the pressure on the ends of the arms is 
unbalanced, and there is a resultant force in the direction of 
the arrows F. The tube C 
will revolve in the direc- 
tion of the curved arrows. 

If a stream flows ^ 
steadily into the tube 
actuating two or more 
arms the machine will turn a grindstone or do other work. 
Messrs. Wrinch of Ipswich have lent a block showing the 
familiar ‘sprinkler’ used for watering lawns (Fig. 101). The 



Fi*?. H:irk»*r's Mill, 



Fig. 101.— Simnkler. 


water is supplied through a hose at pressure and the revolving 
arms deliver it evenly in fine spray over a wide area. 

Work done by Moving Watej*. — The explanation of the 
movement in Btirkor s Mill refers rather to the pressure when 
the mill is at rest and motion is about to begin. When motion 
has ]>egun, and water is falling through the tube and spouting 
from the openings, it is the work done by the moving water 
which has to bo considered. 

The product of the weight of the water falling in a minute and 
the ‘ head,’ Le, the heiglit through which it falls, is the measure 
of the power available. If the machine were perfect, fhat is, if 
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there were neither liquid nor solid friction, this would give the 
power of the motor actuated by falling water. 

'turbines. — The most usual form of water motor fs the 
Turbine, which is a development of ‘Barker’s Mill’ with its 
spouting arms. The problem before the water engineer is how 
to transfer the energy of moving water to energy of moving 
machinery with as little loss as possible in energy transformed 
into heat and into eddies in the water. This is effected in practice 
by using fixed guides which cause the water to impinge directly 
on the vanes or buckets of the turbine. The efficiency has been 
increased in this way by calculation and experiment in design 
so that the efficiency of modern turbines may be as much as *8. 

There are two principal forms of turbine — the turbine j)roper, 
in which the falling water acts much as wind does on a circular 
windmill on vanes round the whole periphery of the wheel, and 
the ‘ Pelton wheel,’ in which the stream is delivered fiom nozzles 
on to buckets in the rim of the wheel, so that the water acts on 
a part of the wheel at a time, as a stream does on a water-wHeel. 

The Pelton wheel is used vdth a small flow of water from a 
great height, e,g, the Pike’s Peak Hydro-Electric Company use 
the tremendous ‘head’ of 2417 ft., and the water issues from 
small nozzles at a velocity of more than 300 ft. per sec. 

The Turbine proper may be understood by the figures opposite. 

In the Fourneyron type (Fig. 102) the water flows through 
guides G, and is directed outwards on to the vanes V of the 
turbine wheel. 

In the Francis type (Fig. 103) the, water is directed inwards 
by the guides G on to the vanes V of a smaller wheel. 

These figures are suggested by those in Molesworth’s Pocket- 
Book, p. 536. The right-hand portion of each figure is thrown 
into perspective, so that the guides and vanes may be seen. The 
plans show how the guide leads the water directly on to the 
vane, a is the guide angle, p the entrance angle, y the exit angle. 

In the Jonvai type the water continues to fall downwards, and 
18 directed by the guides on to the vanes of a wheel below them. 

Swiw'^erland abounds in power stations operated by its glacier- 
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fed streams, but the power distribution at Niagara is the biggest 
thing of the kind at the present time. 

If is estimated that the available power of the Falls of 
Niagara at mean level is about 4,000,000 H.P., assuming 
222,000 cub. ft. of water to fall 160 ft. in each second. The 
total utilisation of power projected amounts to 650,000 H.P., of 
which 415,000 arc tiiken oft* on the Canadian side. 

The Niagara Falls Power Company, the pioneer of the large 
schemes, diverts part of the river above the Falls into a canal 



Fig. 102. — Tiirbino, Fourncyroii or out* Fig. 103.— Turbine, Francis or inward flow. 

# ward How, 

on the American side, and turbines are placed 140 ft. belov^ 
this canal side by side in two wheel. pits, slots cut in the rock. 
There are ten turbines in one pit and eleven in the othei^of the 
‘ outward ’ flow type, each developing 5000 H.P., twin turbines, 
with holes in the upper guide disc, so that the^unbalanced thrust 
on the upper wheel carries the weight of the shaft and wheels. 

Watei^Wheels. — The turbine sui>ersedes the old water-wheel. 
Still eases occur when water-wheels can profitably be used. 
They are of two principal forms — overshot wheels^ in which the 
water runs into buckets, which are emptied as the wheel turns 
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round. The weight of the water on one side of the wheel is thus 
the force by which the wheel is turned and work done. Undei'- 
shot wheels have i-adial fiojits like the paddles of a steamer. The 
wheel fills up a channel down which the water is flowing with 
considerable velocity. The momentum of the water causes pres- 
sure on the floats, as in the turbine. 

These forms are so well known that no illustrations are 
necessary. An overshot wheel is more suitable when the fall is 
great and the amount of water small. The diameter of the 
wheel is nearly the height of the fall, so that such a wheel may 
be of great dimensions, as much as 70 ft. in diameter. The 
efficiency may be as great <as *7 or *8. An undershot wheel is 
suitable for a position where there is a large supply of water 
with a low fall. The efficiency has not been found to bo greater 
than *6 in general. 

Centrifugal Pumps are reversed turbines. In a turbine 
the flow of water develops power by rotating a shaft; in a 

centrifugal i^ump power applied 
by the rotiition of a shaft ctiuses 
a flow of water. A centrifugal 
pump is usually of the form 
illustrated (Fig. 104). Water is 
admitted to the centre of the 
pump, and getting into the sjKices * 
between the vanes, is thrown oft* 
by centrifugal force against the 
casing which surrounds them, and 
which has an outlet for the dis- 
charge of the water. 

Centrifugal pumps are very much used in engineering works, 
for clearing coffer-dams or docks, also in machinery for circu- 
lating cooling water through the condenser tubes. They are 
very powerful, and they are very simple, as they have no valves 
to get out of order. The general idea has been hitherto that 
they ijrere essentially low lift pumps ; but of late years centri- 
fugal pumps have been employed in lifting water up to consider- 
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able lieights. This is eifected by having a number of wheels or 
discs, the water being dealt with in stages (p. 255). 

Air fans for ventilating purposes or for any purpose where 
air is to be circulated are usually centrifugal pumps. 

The Hydraulic Ram, invented by Montgolfier, raises water to 
a height greater than that from which it has fallen, and so is 
somewhat of a paradox. 

Water when falling freely acquires momentum and kinetic 
energy. The shock which occurs in a pipe when a tap is sud- 



Fig. 105. — Hydraulic raiu. 


denly closed and the momentum is ‘ destroyed ' is a matter of 
familiar experience. ^ ^ 

In the hydraulic ram, shown in Fig. 105 with the parts at 
rest, w’ater is allowed to flow freely down an inclined pipe PQ, 
and to escape through an opening 0 ; this op^idng has a heavy 
valve V, and the water continually presses on this as it escapes. 
When the velocity of the water is sufficiently great the pressure 
of the moving water on this valve lifts and closes it. The 
column of water in PQ has a certain kinet^ energy, which 
is converted into work in closing the valve V and lifting the 
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column of water in the pipe S through a certain height. When 
t^is ^ork has been done the water is reduced to rest, the 
valve V drops, and water begins to flow again down PQ and 
through 0. 

Suppose that from the time that V drops and motion begins 
until V rises a column of water of length PQ flowfik down the 
pipe ; then the energy developed during the time is that due to 
the fall of that mass of water through the height between the 
levels of P and Q. This energy is expended on mising the 
whole mass of water in the pipe S through a certain height. 
For the efficient working of the ram the pipe S should neither 
be long nor large. 

This ingenious little pump will go on working day and night 
without attention. The only thing that is required for its 
efficient use is a fair supply of water falling through some feet. 

There is a parallel between the actions of the injector and 
the hydraulic ram which is worth considering, as they are both 
paradoxical in that they utilise pressure to do work against a 
higher pressure. The escape of water to waste through the 
valve 0, and the vacuum formed in the injector l)y condensation, 
both give the following fluid potential energy, ability to jl^ield to 
pressure and so acquire kinetic energy, which does work. 

Resistance to Motion of a solid body through fluid. — What 
has l>een said of the pressure exerted by a moving stream on a 
solid immersed in it applies to the resistance which a fluid offers 
to the movement of a solid through it. But the subject may be 
approached from a different point of* view. 

When an immersed solid moves, some water is displaced and 
a change of momentum takes place. Take as an example the 
blade of an oar, which in statics is ordinarily treated as the fixed 
point or fulcrum of the oar. What really happens is somewhat 
as though the blade rested against a heavy mass suspended and 
free to move. The blade has to set in motion a considerable 
mass of water if it is to move ; the change of momentum of this 
mass y^et in nic^pn in one second is the measure of the force 
which* we call the ^resistance ’ of the water to the blada 
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The momentum imparted to a given mass of water in a second 
varies as the velocity imparted ; again, if the blade goes twice 
as fast through the water it meets with twice as much water, 
and so the mass of water displaced in one second also varies as 
the velocity of the solid which displaces it. Therefore the change 
of momentum per second due to a solid body moving through a 
fluid varies as the square of the velocity. It is thus seen that 
the resistance offered by water to the movement of a solid 
through it is proportional to the square of the velocity. 

This conclusion is the same which was reached when con- 
sidering the pressure of moving fluids. 

Propulsion of Ships. — The resistance to be overcome in pro- 
pelling a ship is partly due to the change of momentum of the 
water displaced in one second, the effect of which is seen in 
waves, eddies, and currents produced, and which has been proved 
to be proportional to the square of the speed. It is also partly 
due to the friction or ‘skin resistance^ to movement in a 
viscous fluid, by which kinetic energy is transformed into heat. 
Friction between a solid and a fluid is believed to increase as 
the square of the relative speed. 

That both of these resistances must be considered is seen in 
the familiar example of towing a tapering spar. Less water 
woidd be displaced if the spar was towed the thinner end first, 
but the friction at every point along the spar is considerable 
when it enters like a wedge and makes the water move rapidly 
along its surface. It is therefore easier to tow a spar the thick 
end first ; the water then follows it and the relative velocity at 
any point of the surface is smaller. 

In designing a fast vessel the lines are shaped so that the 
entering surfaces may follow the line- of motion of the water as 
it is displaced, and so the disturbance of water may be less, 
while at the same time it should be the object to diminish 
friction. A good design may diminish the resistance at a given 
speed, but it does not alter the fact that the resistance increases 
with the square of the speed. 

The experiments of the late Mr. W . Froude of Chelston Cross 
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led to many improvements in design as well as to experimental 
proof of the truth of the principles which have been described. 
Constructing models of paraffin and wax, he observed the resist- 
ance to their motion through the water and the waves which they 
caused, and was able to indicate faults of design which could 
be remedied. His method has been adopted by the Admiralty, 
and is used in their experimental tanks at Portsmouth. 

Power Necessary for Speed. — The work done in propelling 
a ship is the product of the resistance overcome and the distfince 
through which it is overcome, and the horse-power necessary 
depends on the work to be done in a given time. 

The resistance varies as the square of the speed, and the dis- 
tance through which the resistance is overcome in one second 
varies directly as the speed. Therefore the horse-power neces- 
sary to propel a vessel varies as the cube of the speed. 

This accounts for the great increase in horse power necessary 
to drive a vessel at a higher speed. If engines developing 1000 
H.P. can drive a vessel 15 knots, it would require engines develop- 
ing 8000 H.P. to drive the same vessel at 30 knots. 

Water-Engines. — In Chap. II. Transmission of Power by 
Fluid Pressure was referred to as an illustration of the Transmis- 
si))ility of Fluid Pressure. 

Suppose a pump delivering water uniformly into a pipe or 
channel which is full ; if the pipe varies in area of section, the 
amount of water flowing across any section in a second is constant, 
since that is what the pump is delivering. If the pipe be conical, 
increasing in size, the water will move more slowly as the pipe 
increases in section — the kinetic energy will be diminished. 

But by the principle of the Conservation of Energy (p. 41) 
the sum of the potential and kinetic energies is constant ; so if the 
kinetic energy of the water decreases, the potential energy, that is, 
the “ head or pressure, increases. So we see that as the channel 
or passage expands and the water moves more slowly, its pressure 
increases ; conversely, in a narrower passage, the pressure is less. 

This principle is used in the modern centrifugals (p. 250). 
After^he water has been driven by the first impeller at a high 
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velocity against the casing, expanding passages guide it back to the 
axis. As the guide passage expands, the water goes slower and its 
* head ' increases so that it enters the second impeller at the same 
velocity as the first, but at a greater pressure. Each successive 
impeller gives the water a velocity which is converted into pressure. 

In this way a very high pressure is given to the water, and it 
may be delivered at a very great height. Two such turbine pumps 
in a Welsh pit deliver 1350 galls, per min. each against 1645 feet. 

There is, however, an important consideration with regard to 
the transmission of energy by water pressure, and that is ‘loss 
of head ’ — the diminution of pressure through causes involved in 
the distfincc of the watei*-cngine from the source of energy. 

These causes may be classed as follows: — (1) Friction in 
j)ipes ; (2) passage from a smaller into a larger pipe ; (3) passage 
from a larger into a smaller pipe ; (4) passage through a dia- 
phragm or valve ; (5) bends in pipes. 

The first of these causes is the only one which need be con- 
sidered here, for the others must l>e avoided as much as possible 
in the design. 

The friction of liquids seems to be independent of the pressure, 
but to vary as the area of the surface wetted and as the square 
of the speed. To secure efficiency under these conditions, the 
piston speed of hydraulic engines is small, and the pressure in the 
pipes is great. If rapid movement is required from the machine, 
it is attained by the use of toothed gearing, or by one of the 
‘mechanical pcwvers.’ In hydraulic cranes a reversed purchase 
(Mechanics, p. 9 1 ) is used > the ram moves slowly, exerting a 
great force, thus lifting a moderate weight more rapidly. 

By this means the friction of the water is avoided ; but the 
friction of parts which work very slowly is great, it is therefore 
necessary to hold a balance between the two. As a matter 
of experience, it is found that a hydraulic engine works most 
profitably when the useful work given off is f of the work which 
the source of energy is supplying. 

A hydraulic engine cannot race ; it contains within itself its 
own brakes. 
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CHAPTER I 


Nature and Effects op Heat 

Sensations of Heat and Cold — Temperature — Amount of Heat — The Ther- 
mometer — Effects of Heat — Chemical Effects — Electrical Effects — The 
Thermopile — Change of Yolunie — Change of State. 

Sensations of Heat and Cold. — ^\Ve use the eye as a test of 
light and colour, and we rely on the ear as a judge of sound ; but 
when we come to the subject of heat, our sensations afford us 
very misleading evidence. 

Our sense of feeling affords us no guide even as to the simple 
question, whether two bodies are equally hot. If a tinman’s 
soldering iron be left in a hot oven, we can take it by its wooden 
handle, while the copper end of it could not be touched ; yet one 
may be nearly as hot as the other. 

Our senses may deceive us in a more surprising manner. If 
the hand be placed on a gun barrel suddenly and removed as 
quickly, because it feels burned or scorched, one cannot tell by 
the feeling whether the baTrel is at a dull red heat or many 
degrees below the freezing-point ; the hand feels burned, that is all. 

And there is a yet more subtle deception which heat can 
practise on the eye. Suppose we see two copper dishes on a 
balance, the one containing mercury and the other an equal 
quantity of water by weight and both at the temperature of the 
open air. We new place them in a dish of boiling water and 
leave them there until we feel sure that the one is as hot 
as the other. They have both the same mass; they havoibeen 
raised through the same range of temperature ; they appear 
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to have both been equally heated ; yet we shall learn later 
that the water has received thirty times as much heat as the 
mercury. 

Our senses are, in fact, not qualified to serve as guides in 
the difficulties which surround this subject without some more 
truthful tests than they supply. In the course of observing the 
effects of heat, we shall be able to find some tests which 
are so accurate and regular that they are suitable for use in 
measurements, and will guide our senses to correct answers. So, 
though the question. What is heat ? is a natunil one to ask, it 
is not one to which it is wise at fiist to attempt to give an 
answer. It will be better first to ask, IFhat are the effects of 
heat ? 

When the effects have been arranged, we shall have material 
to aid us in giving an answer to the apparently simple question, 
What is heat 1 

Temperature. — It is a matter of observation that a hotter 
body can communicate heat to a cooler body. For example, a 
bottle of jelly is placed in a basin of hot water to be warmed ; 
the jelly is ix)ured out into a mould, and this in turn is placed in 
a basin of cold water to be cooled. Heat flows or passes from 
the water to the cooler jelly and from the jelly to the cooler 
water. 

Temperature is that condition of a hody on which its ahility to 
communicate heat to, or to receive heat from, another drpemts. 

Two bodies are at the same temj)erature when ))eing in con- 
tact, neither can impart heat to the other. 

When a bocly is at a higher temperature we speak of it as 
‘ hotter,* and when at a lower as ‘ colder * than another. 

Temperature has been compared to what is called ‘ level ’ in 
Hydrostatics. If two reservoirs are joined, water flows from the 
one which is at a higher level to one which is at a lower level. 
If both be at the same level no water will flow, even though’ one 
be a teacup and the other the ocean. 

Amount of Heajj. — The amoimt of heat that can flow from 
one body to another depends on the mass of the bodies as well 
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as on the difference of their temperatures. We shall see later on 
that it also depends on the material or substance of the bodies. 
A lighted match is a good deal hotter than boiling water, yet the 
flame of a match may be extinguished between the fingers with 
impunity, while the fingers would be scalded if placed in the 
water, because it imiwts a greater amount of heat to the fingers 
than the flame can. 

The Thermometer is an instrument used to measure and 
indicate temperature. 


Effects of Heat 

The results of imparting heat to bodies are called shortly 
the effects of heat ; these may be divided into — 

1. Chemical effects — 

(^f) combination, such as combustion. 

(h) decomposition. 

2. Electrical effects, such as are shown in the thermopile. 

3. Change of volume — 

(a) of gases, as in the air thermometer. 

(h) of liquids, as in the liquid thermometer. 

(c) of solids, as in the metallic thentmneter. 

4. Change of state — 

{a) of soli<l into liquid, as in the icc-hlock. 

(b) of liquid into gas, as in the Imler. 

The effect of excessive heat on all animal and vegetable 
tissues is destructive. 

1. Chemical Effects. — When a body is heated its molecules 
are more ready to alter their chemical composition. Metals 
cbmbine more readily with the oxygen of the air and ‘rust* 
when they are heated. Some gases combine with one another if 
raised to a high temperature. Combustion is an effect of high 
temperature ; a certfiin temperature is required to start it. A 
fire may be smouldering and giving out gas, which does not 
bum ; if left to itself the fire would go out, but the smal^ flame 
of a match affords the high temperaturS necessary for the 
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combustion of the gases, and the whole bursts into brilliant 
flame. Certainly heat is^ evolved, but heat is required to 
begin it 

Another chemical effect of heat is that, when heated, a com- 
pound body has a tendency to separate into elements. As an 
example, mercuric oxide (red oxide of mercury) splits up when 
heated into mercury and oxygen. 

2. Electrical Effects. — There is obviously a close con- 
nection between heat and electricit 3 \ The effect of a flash of 
lightning in setting Are to stacks and farm buildings is a familiar 
one. Conductors, through which an electriciil current is passing, 
are heated, a fact which is used practically in incandescent 
electric lighting. 

But while the production of heat by electricity is very 
familiar to us, the reverse, viz. the production of strong cun*ents 
of electricity by the direct action of heat, without the interven- 
tion of an engine, has not yet been practically effected. 

Small currents are caused when a junction of two dissimilar 
metals is heated. The presence of these currents can be detected 
by the deflection of a magnetic needle. This subject is fully 
dealt with in Electricity, Chap. YIIL, but it is mentioned here 
because of the apparatus for testing temperature, by observing 
these currents. 

Thermopile. — Several pairs of metals are grouped in such a 
way that their alternate junctions are ex[)oscd on the face of a 
thermopile. Such an arrangement is shown in the engraving 
(Fig. 1). The face of the thermopilo at A shows 42 metallic 
junctions on which the radiation to be measured falls. A 
hollow cone C is shown as about to be fitted on this face to 
protect it from any rays but those to which it is directed. 
Two wires lead from the terminals of the thermopile to the gal- 
vanometer B, a magnetic needle suspended and carrying a small 
mirror. The liglit from a lamp D is reflected from the mirror 
on to a scale, and the spot of light on the scale shows the 
deflect^n of the needle to right or left. 

Chidige of .^mperature is what is shown by the thermopile, 
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radiation from a hotter body causing a deflection of the spot of 
light one way, and radiation to a cold^ body deflecting the spot 
in the opposite direction. The wires may be led to either binding 
screw of the galvanometer, so that a rise of temperature may 
deflect to right and a fall to left^ or vice versd, as preferred. In 
small changes, the distance which the spot moves may be con- 
sidered to be proportional to the change of temperature, and in 
this way the instrument may be used to measure small differences 
of temperature. 



Fig. 1.— Thermopile. 


'The thermojDile will be referred to henceforth as an instrument 
for detecting changes of temperature. 

8* Change of Volume. — ^With few exceptions all bodies, 
whether solids, liquids, or gases, increase in volume when they 
are heated. 

4. Change of State. — Most substances are capable of exist- 
ing in the three states ; solid, liquid, and gas. Change of state is 
one of the effects of the addition of heat to a body. 

The change of volume and change of state will formf the 
subject of separate chapters. 



CHAPTER II 
Effects of HEiVT — E xpansion 
Gases 

Charles’s Law — Air Thermometer — Absolute Air Thermometer — Scales of 
Temperature — Graduation — The Absolute Scale — Coefiicient of Expansion 
— Consequences of Expansion of Air — Convection Currents — The Trade 
Winds — Land and Sea Breezes — Monsoons — Ventilation — Refrigerator 
Engines— Liquid Air. 

If an empty bottle is corked and a hole bored through the 
cork, when it is held in a pan of warm wjiter bubbles of air 
are seen to come freely from the cork. The bottle though 
called empty is full of air, and the air expands or dilates when 
heated. Fill the bottle with coal gas by holding it for some 
time over a gas burner ; the gas is lighter than the air and dis- 
places it. Now if the bottle be corked and warmed as above the 
bubbles of gas escape from a hole in the cork. These experi- 
ments show the effect of heat in causing gases to expand. 

Five or six common wine bottles are filled with oxygen, 
hydrogen, carbonic acid or other gases, one being filled with 
common air. They are corked and provided with glass tubes 
through the corks, the glass tubes being bent so that when the 
bottles are laid in a trough of water the tubes rise vertically (Fig. 
2) ; the tubes each have a drop of mercury in the bend. 

The trough is heated by a steam jacket, and as the bottles are 
heated the mercury is seen to rise in the tubes, showing that 
each Xyi the gases expands. If the water in the trough bo well 
stirred, all the bottles and their contents must be at the same 
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temperature. The drop of mercury in all the tubes is seen to rise 
equally ; and this shows that all these gases expand equally for 
the same rise of temperature. 

Expansion as an effect of imparting heat is seen most simply 
in the case of gases. For a given rise of temperature they 
expand more than either liquids or solids; they expand with 



perfect regularity, and all gases expand nearly in the same ratio 
to the rise of temperature.* 

Charles’s Law. — The law of the expansion of gases when 
heated was discovered, though not published, by Charles in 1786, 
Subsequently it was published by Dalton in 1801, and by Gay- 
Lussac independently in 1802 ; thus unfortunately the law is 
known by the three names, as patriotism may dictate. More 
than a century before this Galileo had seen that the expansion 
of air provides a means of making an instrument for measuring 
temperatures, and Boyle had used it in his experiments. 

The observations of Charles showed him that tlie volun^i^f a 
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given mtm of air increases for each degree of rise in temperature by 
a constarU fraction of Us volume at freesingpoint^ pi'ovided the pressure 
heconstani — the fraction being 1 /273 Centigrade^ and 1 /491 Fahrenheit 

As Charles was the first who discovered the law, it is now 
usually known by his name. 

The Air Thermometer. — This simple indicator of tem- 
perature was used by Galileo and Boyle in the form shown in 
Fig. 3. A bottle jmrtly filled with coloured liquid is closed 
with a cork and sealed. A fine tube partly filled with the same 
liquid is sealed in the cork. The increase in the volume of air 



Fig. 3. Early themionieters. Fig. 4. 


in the bottle, when heated, is shown by a corresponding rise of 
the liquid in the tube. 

Another form used by them is slTown in Fig. 4. A large 
bulb is connected with a fine tube ; the air in the bulb having 
been heated the end of the tube is immersed in mercury as the 
bulb is cooling ; the contraction of the air admits a little mercury 
into the tube, which is then left open. The expansion and con- 
traction of the air in the bulb causes the drop of mercury to rise 
and fall. The temperature is indicated by the position of the 
mercury on the scale. ‘ 

Foreman changes of temperatime air thermometers such as 
theaa are very sensitive. The large volume of the bulb and 
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bottle give a large movement of the mercury in a fine tube. 
There is, however, the disadvantage that changes in the pressure 
of the air affect the reading. 

Air and hydrogen thermometers are much used in scientific 
work. The International Committee (1887) selected the hydrogen 
constant-volume thermometer, in which equal increments of tem- 
perature correspond to equal increments of pressure (see p. 270). 

Absolute- Air Thermometer. — This form of air thermometer, 
if not so sensitive as those just described, is worthy of atten- 
tion, in connection with the absolute scale of temperature referred 
to hereafter. A glass tube with fine bore uniform throughout 
is closed at one end, after care has been taken to ensure that 
the air in it is dry. The tube is heated above the temperature 
of boiling water, and while cooling, its end is plunged for a 



Fijr. 5.— Absolute air Iheniioiiioter. 


moment in mercury (Fig. 5). A small drop of mercury is drawn 
into the tube as the air contracts, and seals the air then in the 
tube. The end is left open, and if the tube be horizontal {he 
air in it is always at atmospheric pressure. 

Later on (pp. 314, 331)*it will be observed that there are two; 
phenomena, the freezing and boiling of water, which take place 
at definite temperatures imder the same pressure. These can be 
used as standard temperatures. 

Seales of Temperature. — In Newton^s scale of temperatures 
(1701) the melting-point of snow was taken as zero, and the 
temperature of the human body as 12. .This Fahrenheit varied in 
1721 by choosing as zero the lowest temperature he reached by a 
freezing mixture of ice and salt First he called the norm^^i tem- 
perature of the body S'"; subsequently 96"", and freezing-point 
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The boiling-point of water being the same for the same 
pressure, its value as a second standard tempei’ature was soon 
recognised. This temperature was placed at 2 1 2'' of Fahrenheit's 
scale, the freezing-point remaining at 32°. This position of the 
boiling-point defeats Fahrenheit's original plan of 96° for the 
human body ; its normal temperature being 98*4° when the 
interval between 32° and 212° is equally divided. 

The suggestion to establish the freezing-point at zero and the 
boiling-point at 100° was made by Celsius in 1742, and has 
been adopted exclusively in France, and for scientific purposes, 
under the name of the Centigrade scale. 

Keaumur divided the space between freezing- and boiling- 
points into eighty parts. This scale is used in Germany and 
Eussia, but no further reference will be made to it here. 

Unfortunately, it is necessary to retain Fahrenheit's scale as 
well as the Centigrade in an English book. For engineering, 
meteorological, and commercial purposes the Fahrenheit scale is 
exclusively used, and great annoyance would be caused by its 
omission. 

To Graduate the Air Thermometer. — (i.) To ascertain the 
freezing-point. The tube is placed in and well covered with 
pounded and melting ice, and when it has remained long enough 
to take up the temperature of the water in contact with the ice, 
it is withdrawn sufficiently to note the lowest j)oint reached 
by, the mercury. A scratch is made on the glass at that 
point. 

(ii.) To ascertain the boiling-point! The tube is placed in a • 
current of steam from boiling water. The apparatus described 
on p. 332, for use in ascertaining the height of mounUiins by 
boiling water, is suitable for this purpose. Care must be token 
to mark the highest point reached by the drop of the mercury 
at a time when the tube is at the temperature of the steam. 
As the volume of air is proportional to the pressure, and the 
air thermometer measures change of volume of air, changes in 
atmoqj^eric pressure will always afiect it. The boiling-point is 
also affected by pressure. If possible it will be well to choose 
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a day for the experiment when the barometer stands at 760 mm. 
(29*92 in.), the fixed points will not need correction for pressure. 
The thermometer, with its two marked points of freezing and 
boiling, should be mounted horizontally on a scale. 

The Absolute Scale. — The two standard points on the air 
thermometer — freezing and boiling — being marked as 0^ C. or 
32® F., and 100® C. or 212® F., the space between these can be 
divided into equal divisions or degrees. If the bore of the tube 
is uniform and tlie heiglit of the barometer continues the same, 
the movement of the drop of mercury over these equal spaces will 
register equal changes of temperature. 

If now tlie graduations be carried below the freezing-point 
evenly throughout the length of the tube it will be found that 
273 of the divisions C. and 491 of the divisions F. reach the 
bottom of the tube. 

It will be noticed that these numbers correspond with the 
fractions observed by Charles, and it is on this ground that this 
form is called the absolute air thermometer. For if the tempera- 
tures be reckoned from the bottom of the tube, and called 
absolute temperature, so that freezing-point is 273 C. absolute 
(or 491 F. ahsoluU^, and boiling-point is 373 C. absolute (or 671 F. 
ahsohife), we get the remarkable result that the volume of a given 
mass of aii'y at anistaut ju'essurCy is propcniional to its absolute tem- 
perature. 

The conclusion ai)parently arrived at is that if air could be 
cooled down to 0® absolute it would have no volume. The law 
does not hold good in the neighbourhood of this point of 
absolute zero. The experiments of Professor Dewar with liquid 
and solid air show that below a temperature of about - 200 C. 
air occupies a larger volume than that proportional to the tem- 
perature. 

Charles’s law of the expansion of air when heated is true 
for all gases, except when they are near to their points of 
liquefaction. 

The volume of any gas at comtaut p'essure varies as its, ^solute 
temperature. 
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By a combination of Boyle’s law (see Hydrostatics, p. 
171) with Charles’s law, we have the following comprehensive 
law : — 

For all gases, when not near to liquefaction, the product 
of the volume and pressure is proportional to the absqlute 
temperature. 

The following example will illustrate its application ; — 

The volume of a gas at 10® C. and under a pressure of 27*99 inches of 
mercury is a cub. ft. ; what will be its volume at zero and under a pressure 
of 30. ins. of mercury ? 

ThevoL of the gas at 10® C. (283a6s.) = l cub. ft. ; the pressure 27*99. 

„ „ at 0®C, (273 ahs.)=fj^ cub. ft. ; the pressure 27*99. 

28u 

The vol. of the gas at 0® C. and 30 inches pressure = 

= *9 cub, ft. nearly. 

Coefficient of Expansion. — The volume of a given mass 
increases for each rise of temperature of V hy a fraction of its 
volume at the standard temperature. This fraction is called the 
coefficient of expansion in volume or of dilatation. 

The coefficient of eximnsion of gases increases the nearer 
they are to their point of liquefaction. 

COEhTlCTPlNTS OF EXPANSION OF GaSES FOR T C. 

Hydrogen . . -00366 Carbonic Acid . *00371 

Air 1 Nitrous Oxide . *00872 

Nitrogen j- . . *00367 

Oxygen J 

Those given in the first column are far from liquefaction at 
ordinary temperatures and pressures, and their coefficients are 
sensibly the same. The fraction 1/273 is *00366, and 1/272 is 
*00367, and the fraction 1/491, which is the coefficient for 
1"* F., is *002 (approximately). 

Differential Air Thermometer. — A difference in the tem- 
perature at two places near to one another may be made evident 
by a ijgm'bination of two air thermometers. Two large glass 
bulbs are connected by a U-shaped tube of fine bore. The 
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lower part of this tube is filled with mercury (Fig. 6). If the 
mercury stands at the same height in both the vertical tubes, 
an equal quantity of air is sealed in 
each bulb. 

If the temperature of one bulb 
rise above that of the other, the air 
in it expands, and by forcing the 
mercury down compresses the air 
in the other. A scale is used to 
indicate these changes of volume. 

This form is due to Sir John Leslie, 
who made use of it in his experi- 
ments on Eadiation (see p. 398). 

The differential air thermometer 
is often called a thmnoscope^ and the 

v-ii T 0.—l)ittereiitial air thermometer. 

bulbs arc placed in different posi- 
tions, according to the nature of the experiment or investigation 
for which the instrument is required (see Figs. 75 and 78). 

CONSEQl'EXCES OF THE EXPANSION OF AlIl 

When air is heated and expands, it becomes less dense and 
of smaller specific gravity ; any heated part, expanded and made 
lighter, ascends, and cooler air flows in from the side to take its 
place. 

Convection Currents. — When any heated surface is exposed 
to and heats the air irtjar it, the warm air rises from the 
surface and cooler air flows in from thb side to fcike its place. 
Currents are set up, which are called ‘ convection * currents, because 
they convey the heat from place to place. 

An experiment may be made Vhich will illustrate the exist- 
ence of convection currents in air. If a lamp chimney be placed 
over a short candle burning on a table (Fig. 7), the products of 
combustion will accumulate at the lower part of the chimney 
and, in a short time, will tetinguish the candle. If^a^iece of 
sheet-tin be cut to the size of the top, so as to divide it into 
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two parts, when the candle is burning convection currents will 
establish themselves, and fresh air will be drawn in on one 
side of the division, the heated air pass- 
ing out by the other side, thus providing 
air for the flame. The smoke of a match 
or pastille will show the directions of these 
currents. 

The Trade Winds are examples of 
convection currents in action on a large 
scale. The heated air rises Jit the tropics, 
while cooler air flows in from north and 
south. A map of the Trade Winds (Fig. 
8) will make this clear. One thing must 
Fig. 7.--Convection Current.^. remembered in considering this map. 
Points on the equator are moving from west to east faster than 
any other points on the earth’s surface, and any point nearer to 




the equator has a more rapid motion eastward than a point 
farther off. As a consequence air moving towards the equator 
not having so rapid an easterly motion as the part of the earth 
it is crossing seems to have a westward movement. 

It ^efl happens that a fast express from Bristol to London 
catches up and passes a local train also going east As there are 
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four linos, two for fast and two for slow traffic, between Didcot 
and London, these two eastward bound trains run quite close to 
ohe another. To a person in the fast train the slow train 
seems to move westward, and in the same way to a person on the 
faster moving portion of the earth, the air with a slower east- 
ward movement seems to move from the east. 

Hence, owing to the cartli^s movement, the prevailing winds 
*have a westward tendency, becoming north-easterly Trade Winds, 
which prevail over a zone on the north of the equator, and south- 
easterly Trade Winds south of the equator. The connection be- 
tween the Trade Winds and the heating action of the sun is made 
more evident by the fact that the zones of the Trade Winds move 
northward and southAvard with the sun at the different seasons. 
There is a belt of calm at the equator where the air coming in 
from both sides is rising. There is also a belt of calm and bafiiing 
winds to the north and south of the Trade Wind belts. In this 
region the higher layers of air which rose at the equator have been 
cooled below the rest and descend ; from that belt northward and 
southward to the Poles there is a region of variable winds chiefly 
westerly. 

This is the genenil system of prevailing winds over the ocean, 
but the action of the sun on large tracts of land heats large 
bodies of air and causes local currents. 

Land and Sea Breezes are caused by the land being heated 
powerfully by the sun’s rays traversing the clear dry morning 
air. The layers of air near the earth are expanded, raising 
the layers above them ; tlfese flow off seawards, and cause an 
increased pressure some distance from the land. This givesr 
rise to a stiff breeze, which seems to rise in the offing and progress 
landwards, increasing till noon, when it sometimes has the force 
of a gale. 

At sunset the opposite occurs, the land cools and the sea 
remains at the same temperature. This often takes place very 
suddenly, owing to the rapidity with which the earth radiates 
heat into space ; strong puffsTof wind or squally gusts stai^rfrom 
the land and blow out over the sea. 

T 
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, Monsoons are attributed by Dove to the same cause. The 
extreme heat in summer and cold in winter prevailing over the 
expanse of Central Asia cause periodical winds called the south- 
westerly or rainy monsoon in summer, and the north-easterly or 
dry monsoon in winter. These winds prevail in the Indian and 
China Seas, and this explanation is a j)lausible one; it is not how- 
ever accepted by later writers, who mostly consider them to be 
extensions of Trade Wind systems. 

Ventilation. — Ventilation is carried out by tlie rising of 
heated air, cooler and heavier air flowing in to take its jdacc. 
In a room in which men or animals live, ventilation must be 
provided, by leaving a chimney open even if there be no fire, by 



leaving the top of a Avindow oj^en, or in some way allowing 
heated air to escape. Provision must be made for fresh air to 
enter, preferably by tubes communicfiting with the open air and 
led some way up the wall to avoid the cool air being un- 
pleasantly felt as it comes in. Well-contrived ventilation is 
necessary in a coal mine. Two shafts are generally provided 
communicating Avith the workings. A fire is kept burning at the 
bottom of one of these ; the heated air rises, and a supply of 
air is drawn through the galleries and down the other shaft 
(Fig. 9). Doors are placed to direct the current and make it pass 
whep'^ver men are working. Boys are jtationed to open and shut 
the doors when the ‘trammers’ pass with the trucks of coal. 
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In the figure the shafts, workings and doors, some of which are 
marked D, are roughly shown in plan, to illustrate the ventilation 
of the pit. In old mines, where there is only one shaft, it is 
divided by a brattice into two parts, of which one is used for the 
downcast and one for the upcast or ‘ smoky ’ shaft, in which the 
current is stimulated by a fan. 

Refrigerator Engines. — If gas be allowed to expand against 
pressure its temperature is lowered. This principle is used in 
the refrigerators generally fitted in steamships constructed to 
carry meat or perishable caigoes. Air is compressed by powerful 
pumps and becomes heated. It is then cooled by pipes kept 
cool by cold water. Wlieii allowed to cx 2 )and into the refrigerating 
chamber its tempeniture is lowered. Such an arrangement is 
shown in plan in Fig. 10. 



Compressing pumps P compress the air which passes through 
a cooling chamber kept cool by the circulation of water from A 
to B. The air thus cooled escapes by a reducing valve C into 
the refrigerfiting chamber, and after passing through the chamber 
escapes into the open air through the valve at D. By means of 
chambers so cooled, fruit and fresh meat may be kept for months 
and carried even through the tropics without loss. 

Liquid Air is made in large quantities by a similar process. 
Air compressed at a pressure of some two hundred atmospheres 
is led from the reservoir through a coil of pipfe placed between 
two vacuum - jacketed cylindei's. The object of the vacuum 
jacket is to avoid the access of heat to the coil. The au«^after 
passing to the bottom of the coil is discharged through a pinhole 
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aperture and is thus very much cooled. It has no way of escape 
but upwards over the coil, which, with the compressed air con- 
tained, is rapidly cooled. The compressed air thus cooled 
expands on its exit from the pinhole, is cooled and still further 
cools the coil. This cooling process goes on progressively until 
liquid air flows from the pinhole and collects in the outer cylinder 
at a temperature of - 194® C. 



CHAPTER III 
Effects of Heat — Expansion 
Liquids 

Liquids Expand when Heated — Relative Expansion — Absolute Expansion — 
Thermometers — Maximum and Minimum Thermometers— Irregularity in 
Liquid Expansion — Liquids for Thermometers — Anomalous Behaviour 
of Water — Maximum Density of Water — Hope’s Experiment — Conse- 
quences of the Anomaly of Water Expansion — Convection Currents — The 
Gulf Stream —Heating Apparatus. 

Liquids Expand when Heated. — “When a specific gravity 
bottle has been filled and ’wiped ; if it be then held in the hand, 
the liquid in it is warmed, and expanding oozes through the 
stopper” (Hydrostatics, p. 209). This shows that liquids 
expand or dilate when heated. The apparatus described at the 
beginning of the last chapter is most useful for experiments on 
liquid expansion, the bottles being filled with various liquids 
instead of gases. The dit)p of mercury in the tubes can be dis- 
pensed with, as the liquids rise in the ’tubes when the trough is 
heated. 

The liquids are seen to expand when heated, but very differ- 
ently to gases ; whereas the gases expand equally for the same 
rise of temperature, the liquids rise at different rates in the 
tubes. Alcohol and spirits of turpentine expand nearly ten times 
as much as mercury or water at 60® (15° €.). One of the bottles 
being * empty,^ that is, full of air, acts as an air thermome^r, and 
by. it the rise of temperature can be noted. If the expansion of 
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water relatively to the rise of temperature bo noticed, it will be 
seen that at 86° F. (30° C.) water expands four times as much 
for a given rise as at 50° F. (10° C.). Such experiments show 
not only that different liquids have different coefficients of 
expansion, but that the same licjuid has different coefficients of 
expansion at different temperatures. 

Relative Expansion. — Liquids must be contained in some 
solid vessel, and as this also exjyands when heated the expansion 
observed in the foregoing experiment is not the 
whole expulsion of the li(juid. 

Take a large bulb, diameter 3 in. (7 cm.), 
blown on the end of a fine tube. Fill it with 
coloured liquid so that at 60° F. (15° C.) the 
liquid stands at A (Fig. 11), half w/iy up the 
tube. When the bull) is plunged into hot water, 
the liquid descends to B for an instant Jind then 
ascends to C. This is due to the fact that the 
glass bulb is the first to be heated and expand, 
allowing more room for the liquid, which there- 
fore seems to shrink. Subsequently the licpiid is 
heated, and as it has a greater coefficient of ex- 
Fig. 11. pansion than that of glass, its expansion is seen 
Relative exi>ansion. rising of the liquid in the tulie. 

Absolute Expansion. — To ascertain the coefficient of expan- 
sion of a liqtiid, the effect of the expansion of the contiiining vessel 
must be avoided altogether. This is done by observing the 
change in the density of the liquid as*it is hwited ; the method 
of communicating tubes (Hydrostatics, p. 191) is used for this 
purpose. 

Two vertical tubes, jacketed with w^ater or oil, are joined by 
a small horizontal tube at their base. The tubes are filled with 
the liquid whose coefficient is to be determined ; one of them is 
kept at a given temperature and used as standard, the other can 
be heated as desired. ^ 

The vertical heights of the liquid columns above the hori- 
zontal^ube are accurately observed, and the temperature of the 
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liquid is read by an air thermometer. From a series of such 
observations, the density of the liquid at various temperatures 
is compared with that of the same liquid at a fixed temperature, 
and the coefficient of expansion or dilatation of the liquid is found. 
As a contrast to ‘ relative expansion,’ this, which is independent 
of the exjjansion of the contiiiner, is called Absolute Expansion. 

Thermometers. — The expansion of liquids when heated is 
used for making instruments to measure temperature. It is tme 
that the air thermometer gives an accurate reading of tempera- 
ture over a great range ; but its form is not convenient for 
practical use. Ordinary thermometers are usually filled either 
with mercuiy or alcohol. 

The IVIekcuuial and the Spirit Thermometer. — A fine 
glass tube is pro'S'ided with a spherical or cylindrical bulb at one 
end. This bulb and part of the tube are filled with mercury 
or alcohol, the air being driven out and the end sealed. The 
expansion of the liquid indicates the temperature by means of 
a swilc. 

To construct a thermomder . — Choose a tube with 
even bore and with a suitalde bulb. The open end 
should have a funnel into which liquid can be poured 
(see Fig. 1 2, in which the bore is exaggerated so that 
it can be plainly seen), (i.) The mercury or the spirit 
is poured into the funnel, (ii.) The Imll) is warmed 
over a spirit lamp, the air expands, and some of it 
escapes through the liquid, (iii.) When the bulb cools, 
the pressure of the external air forces some liquid into 
the tube and bulb, (iv.) The liquid in the bulb is 
boiled, and the vapour carries most of the air out. 

(v.) When the bulb cools, the vapour is condensed, and 
more of the liquid is forced into the tube and bulb. 

(vii) This is repeated, till all the air has been expelled, 
and the bulb and tube are full of liquid, (vii.) The 
whole is then hetxted to the highest temperature which the instru- 
ment is required to register ; the tube is sealed and the eloiigar 
tion removed. The thermometer tube is now complete. ^ 
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To graduate the themometer. — (viii.) Place in melting ice, and 
when the tube and bulb are at the temperature of the freezing 
point, mark the position of the liquid on the tube with a file, 
(ix.) Place the mercurial thermometer in a current of steam from 
boiling water and mark the tube at the point reached by the 
liquid, (x.) Divide the distance between the freezing and 
boiling points into 100 parts for degrees Centigrade or into 180 
for degrees Fahrenheit, and continue above or below as necessary. ' 

The spirit thermometer is usually graduated by comparison 
with a mercurial thermometer. All thermometei’s should have 
an enlargement at the upper end, as a safeguard. It may 
happen that the thermometer is exposed to a temperature above 
that contemplated in (\di.). The liquid expands, fills the tube, 
and flows over into this reservoir ; if it were not provided, the 
expansion would break the bulb. 

Maximum and Minimum Thermometers — Rutherford’s.— 
It is sometimes desirable to know the highest and lowest readings 
of the thermometer during a certain period, e,g, the lowest in 
the night and the highest during the day. 

The maximum thermometer is filled with mercury and the 
tube contains a glass index w’hich the mercury does not ‘ wet ’ 
and cling to. Consequently the index is pushed forward to the 
fhrthest point reached by the mercury, and left there when the 
mercury recedes Again. 

The minimum thermometer is filled with alcohol, in which the 
glass index is immersed. The ‘surface tension' (p. 125) acts 
like a skin and pulls the index back to the lowest point reached 
by the spirit, and leaves it there when the thermometer rises. 

The column and index are exaggerated in the illustration 
(Fig. 1 3), so that they can be more plainly seen. 

Both thermometers can be mounted on the same board, as 
shown ; then they can be ‘ set ' by inclining the whole to the 
left, for when each index rests on the surface of the liquid they 
are both ready to register the extremes of temperature. 

, Sixk’s Thermometer. — A combination of maximum and 
miniimuii thermometers is arranged, as shown in Fig. 14. A is 
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the apex of a long bulb which is filled with spirit, so that AB is 
a minimum thermometer with its index at B. The portion BCD 



is filled with mercury, while DE and half the 
bulb E are filled with spirit in which is im- 
mersed a glass index at D. The weight of the 
liquid DE helps to keep the mercury and spirit 
in contact at B and ensure correct readings. 
The reservoir at E is free from air and contains 
vapour of spirit, it allows room for the ex- 
pansion of the liquids. Each index has a fine 
steel spring, which holds it in the tube where 
it is left by the mercury, but not too firmly to 
be moved by a magnet. 

When the temperature rises, the com- 
bined expansion of the spirit AB and mercury 
BCD forces the index at D forward, and 
leaves it at the farthest point it has reached. 
The index D therefore gives a maximum 
reading. When the liquids contract on a 
fall of temperature, the weight of the liquid 
at E forces the mercury column back, keeping 
the whole column of liquids unbroken. The 
index at B is thus driven back to the 
farthest point reached by the spirit AB as it 



Fig. 14 .— SIto’ 8 
thermometer. 


contracts. The reading of the index at B is therefore a mioininm 


reading. The action of the column of liquid DE must be borne 
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in mind, as the reading of the index D will be too high if the 
liquids are not in contact at B. A magnet must be used to 
bring both indices down on to the mercury surface when the 
thermometer is set. 

Maximum thermometers are frequently constructed to record 
without an index. If part of the hue tu)>c of the thermometer 
be drawn to extreme fineness, the mercury passes this con- 
striction as it expands ; but wlien it contracts its cohesion is 
not sufficient to overcome the friction. The column breaks at 
that point, and the pirt in the tube remains as an index of the 
highest reading reached. The thermometer is set by j<n-king it, 
when the mercury by its inertia overcomes the friction and passes 
the narrowed part. 

This form is fidopted in the Clinical Thermometer (Fig. 
15), used to read the tempeniture of patients. The column is 
shown broken at A, below the constriction. The mercury 

A % 100 IQS HO 



Fig. 15. -Clinicftl tlionnonu’trr. 

remains in the tube as an index that the temperature of the 
patient was 102*9'’ F.; the rest of the mercury has retreated 
towards the bulb. 

Irregrularity of Liquid Expansion. — The rough experiments 
described at the beginning of the chapter are sufficiently accurate 
to show that water does not dilate uniformly. When the 
coefficients of expansion of liquids arst accurately determined for 
equal intervals of the air thermometer, it is seen that liquids 
do not expand in proportion to rise of temperature. It is 
necessary to name the temperature at which the coefficient of 
expansion of a liquid has a certain value, for at another tempera- 
ture it has a different value. For example, the coefficient of 
expansion of mercury is *00179 for each degree C. at 0° C. and 
*00183 at 100® C. This change is very small, so mercury may 
be treated as expanding uniformly between those limits. The 
coeffiment of expansion of alcohol is *0105 C. at 0® C. and *0112 
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at 20® C. For ordinary purposes this may be considered uniform ; 
if accuracy is desirable the alcohol thermometer should not be 
graduated by equal division but by comparison with the air 
or mercury thermometer. 

Liquids for Thermometers. — Alcohol and mercury are 
suitable for use in thermometers ; (i.) because their expansion is 
approximately uniform at ordinary temperatures ; (ii.) because 
they can be easily prociu'ed pure, and clean mercury does not 
wet glass ; (iii.) because alcohol freezes at a very low temperature 
and mercury boils at a very high temperature. 

Anomalous Behaviour of Water. — The expansion of water 
when heated is so irregular, and water is so universally present 
that the expansion of water deserves separate notice. When 
water at freezing point is heated it contracts until it reaches 
39® F. (4® C.), it then expands, and the coefficient of expansion 
increases as the temperature rises. 

The accompanying diagram (Fig. 16) shows the behaviour 
of water graphically. The upper part shows the changes in 
length of a column of water 6 ft. long between 0® and 100® C., 
the actual volume of one gramme of water at any temperature 
may be read off accurately by the use of the diagonal scale. 
The changes in the coefficient of expansion are graphically 
shown. Between 10® and 20® C. the change of volume is *0015, 
and between 90® and 100® C. the change is *0075 of the unit 
volume. 

In the lower part the anomalous behaviour of water near to 
the freezing point is shown.. In this case 1 gramme of water is 
supposed to fill a tube 200 yards long, wlicn the column would 
change in length as shown. These diagrams are given instead 
of a tabular statement. The volume of v^ater at any temperature 
F. or C. can be accimitely read off by means of the diagonal 
scales. 

Maximum Density of Water. — The temperature on either 
side of which water expands is alx)ut 3j)® F. (4® C., accurately 
3*982 C., MeiideUef,) At this point a given mass of water has 
the least volume and a given volume of water has the greatest 
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mass; it is therefore called the point of Maximum Density of 
water. 

If a very large bulb opening into a glass tube be filled with 
w'ater, cooled to freezing point, and then be allowed to reach the 
temperature of the room (about 60° F.), the water in the tube 
falls, showing that the water contracts, till a thermometer in the ' 
bulb shows 39° F. (4° C.). As the temperature rises above the 
point of maximum density the column rises again. If the glass 
of the bulb is very thin, the whole of the water in the bulb and 



Fig. 17. — Hope’s experiment. 


the glass together very sbwly reach the temperature of the 
room ; and the glass is never much warmer than the water. In 
this way the effect of the expansion of the glass described on p, 
278 is avoided. 

Hope’s Experiment — To show the temperature of water at its 
maximum density, — A cylinder of metal or glass about a foot 
high and 4 in. diameter is surrounded by a jacket about its 
middle part, which will hold ice, from which the water is 
drained off as it melts (Fig. 17). Thermometers pass through 
corks,^ fitted into short tubes above and below the jacket. These 
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thermometers are graduated on the stem between - 5"* and 15° C., 
and when the bulbs are in the middle of the cylinder all the 
graduations are outside. 

At the beginning of the experiments the cylinder should be 
full of water, and the whole be at a temperature of about 1 0° C. 
(50° F.). A mixture of ice and salt is put in the jacket, and as 
the water begins to cool the readings of both thermometers 
should be continuously noted. As the water is cooled by the ice 
jacket it sinks ; warmer water rises from the bottom, is cooled amd 
sinks in turn, so that the lower thermometer shows a gradual 
fall of temperature, the upper one remaining stationary. The 
water contracts and becomes denser when cooled, sinking to the 
bottom of the vessel in consequence. 

At a temperature of 4° C. the lower thermometer ceases to 
fall, showing that the further cooling of the water by the ice 
jacket docs not make it denser. On the other hand, the water 
in the middle being cooled below 4° C. expands, becomes lighter 
and rises. Denser water on the top flows down, and the whole 
of the water above the jacket is cooled. The upper thermometer 
now begins to fall, continuing to do so until it reaches 0° 0. ; ice 
forms in the middle and floats to the top, the lower thermometer 
remaining at 4° C. This experiment shows that water at 4° C. 
(39° F.) is denser than at any other temperature higher or lower. 

Consequences of the Anomaly in Expansion of Water 

What is seen in the tall cylinder* of Hope^s experiment occurs 
also in lakes and rivers when it is very cold ; only of course in 
their case the water is cooled from above. The upper layers of 
water cooled by the air and wind sink and cool the whole to a 
temperature of 4° C. Below this point however the lower water 
is not cooled, as the upper water then becomes lighter when it 
loses heat and the ice formed floats on the surface. Cooling of 
the lower strata must take place through the ice, and as water 
and ice are bad conductors of heat, and -since as above no con- 
vection currents are formed, the cooling of the lower part takes 
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place very slowly. Fish can continue to live at the bottom after 
the pond is frozen, and it is rarely the case that a deep pond is 
frozen solid to the bottom and all life destroyed. No other 
liquid but water shows this anomaly to any appreciable extent. 


Consequences of the Expansion of Water when Heated 

If part of a large volume of water is heated (and so 
expanded and made lighter) it ascends, while cooler water flows 
in to take its place. In Hope^s experiment the reverse of this 
occurs, as the water is cooled by the ice jacket and sinks until 
the point of maximum density is reached, when the cooler water 
rises. 

Convection Currents. — ^^^hen heat is applied to a vessel of 
water the heated water rises and cooler water flows in to take 
its place. Currents are set up called ‘ convection currents,* 
becfuise they convey the heat from place to place. Such currents 
can easily be shown. 

A glass beaker is filled with water to which ammonia and 
coppei’ sulphate are added. 

A white flocculcnt substance 
is seen in blue water, and 
any movement of the water 
is shown by moving white 
flakes. A spirit lamp is 
lighted under the beaker, 
and the lower part of the* 
water is heated (Fig. 18). 

The experiment shows the 
water rising in the middle 
from the surface of the 
heated glass, while cooler 
water flows down the sides 
to replace , the water which rises. Thus convection currents are 
set up which can be plainly seen. 

The Gulf Stream is an immense convection current. The 



Fig. 18 .— Convection currents. 
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water in the Gulf of Mexico is strongly heated by the sun, 
and being lighter it flows off northward to make room for the 
cooler and denser water from the north. This ocean river flows 
over to the coasts of Britain, bringing evidences of its origin in 
jetsam of tropical seeds and branches on the coast of Ireland. Its 
power of ‘ convection ’ or carrying heat is shown in the temperate 
climate and dampness of the British Isles, which are so much 

warmer in winter than American or 
even European places in the same 
latitude. 

Heating Apparatus depends on 
the expansion of heated water, and 
may be illustrated by the lecture- 
room apparatus shown in Fig. 19. 
Take two equal flasks, both stopped 
by a cork with two holes, and re- 
move the 

equal tubes in the cork '' ^^nd let 
them also go through the cork of^ 
B, which is inverted. The tubes 
being of the same length, one goes 
to the bottom of A and just through 
the cork of B, and the other, only 
going through the cork of A, rises 
higher in B. A very little sawdust 
or fine bran is put in the water to 
Fig. i9.-circuiation of water. movement, and a spirit 

lamp is lighted under A. The heated water is seen to rise by 
the higher tube and cooler water descends the lower. 

The hot water supply of houses is arranged in a similar 
manner. A closed boiler in the kitchen stove, represented by A, 
is connected by an upcast and downcast pipe with a tank 
above, represented by B ; the water circulates through the ^ipes, 
and there is hot water in the house where required. ^ 

On their way between the boiler and the hot water cistern 
the pipes may be used for heating or drying clothes as desired. 





CHAPTER IV 


Effects of Heat — ^Expansion 
Solids 

Experiments Illustrating Expansion— Linear Coefficient of Expansion— Linear 
and Cubical Expansion Compared— Linear and Superficial Expansion- 
Determination of Linear Coefficient of Expansion — Coefficient of Linear 
Expansion — Practical Consequences of Expansion — ^Application of the 
Differences in Expansion of Metals — Compensated Pendulum 
Compensated Balance — Pyrometry. 

Solids do not expand so much as liquids or gases when heated, 
yet their expansion is a more familiar fact, because they have 
linear dimensions — ^length, breadth, and thickness, which can be 
easily measured and their values at different temperatures 
compared. 


Experiments Illustrating Expansion 

Bar and Gauge. — A rgd of metal about a foot long pro- 
vided with a handle (Fig. 20) fits exactly into a gauge when 
cool ; but when it is heated it is longer and cannot be placed 
between the ends of the gauge. 

Breaking of Bar by Cooling Rod. — An iron rod lies in the 
notches of an iron frame, and a cast-iron bolt can be passed 
through a hole at the nearer end of it (Fig. 2 1). The rod is heated 
in the fire to a dull red boat and laid in the notches. A bolt is 
put through the hole and the screw at the end of the rod is 
tightjn^ so that the bolt is brought against the V-shaped edges 
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at the end of the frame. Cold water is poured on the rod, and 
it shrinks, bringing so great a force to bear on the middle of the 
cast-iron bolt as to break it. 



Fig. 20.— Rod and gauge. 


Gravesande’s Ring. — A hollow sphere of brass, accurately 
turned, passes easily through a ring when cool (Fig. 22). Having 



Pig. 21.— Cooling tie-rod. 


been heated over a spirit 
lamp the ball rests on the 
ring and does not fall 
through until it cools and 
contracts sufficiently. 

These experiments show 
that solids expand when 
heated and contract when 
cooled, as do liquids and 

Composite Strip of 
Metal. — A thin, flat* strip 
of brass is riveted to a strip 
of steel of the same size, 


forming thus a ‘composite strip.’ This is placed so that its 


ends rest on two supports, and a spirit lamp is placed so as to 


heat it in the middle, The composite strip is seen to bend into 
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the arc of a circle as it is heated, the brass forming the outer 
part of the arc. This shows that, when heated, brass expands 
more than steel. 

Rod and Index. — Rods 
of different substances are 
provided about the same 
length, so that they can 
rest in two notches and be 
heated by the spirit lamps 
(Fig. 23). An adjusting 
screw at one end of the rod 
prevents expansion in that - 
direction, and keeps the 
other end against the short 

arm of a lever. Any expansion of the rod must move the lever 
and cause the index to rise. 




Fig. 28. — Rod and index. 


At the beginning of the experiment the rod is placed in the 
notches cool and adjusted by the screw so as to press against 
the lever with the index at zero. The spirit lamps are lighted 
and the rod is heated to the temperature of the flame, the 
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expansion of the rod being shown by the index. A rod of 
another material is placed in the notches and heated in the same 
way. 

The number of the graduations read by the index when it 
comes to rest shows the expansion of the material of the rod in 
each case, when it is raised to the temperature of the flame. 
This is seen to differ considerably with different materials ; the 
experiment thus shows that different solid substances have 
different coefficients of expansion. 

With fluids, dilatation, or expansion in volume, alone can be 
measured ; in solids the linear and superficial dimensions can be 
measured, and as they increase when the solid is heated there 
are linear and superficial coefficients of expansion. 

' Linear Coefficient of Expansion. — The linear dimensions of 
a solid increase for each rise of 1® in temperature by a const^int 
fraction of the original dimension. This fraction is called the 
Linear Coefficient of Expansion, 

Linear and Cubical Expansion Compared. — Suppose that a 
sphere of radius AB expands till the radius is AC. Its increase 
in volume is a spherical shell of thick- 
ness BC (Fig. 24). The volume of the 
sphere of radius AB is JttAB^ If a 
be the linear coefficient of expansion 
of the material and t the number of 
degrees through which its temperature 
has been raised, AC = AB + AB , a. t 
The shelL is the difference of the two 
spheres -JttAB^ and ^7rAB^(l + a . if. 
This difference is approximately 
I^ttAB^ . Sat (since a is very small Sa^i^ 
and aH^ are inappreciable). The sphere ^ttAB^ has been in- 
creased by a spherical shell of volume ^ttAB® x Sat, so that 3a is 
the coefficient of cubical expansion.^ 

The coefficient of cubical expansion is three times the coefficient of 
linear expansion. 

Linear and Superfioial Expansion Compared. — Suppose that 
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a circle of radius AB expands till the radius is AC, The area 
of the circle is increased from ttAB^ to 7rAB‘^(l + at)\ The 
increase, i.e. the circular ring, which is the difference between the 
two circles, is ttAB^ x 2a/ (since the term aH^ is inappreciable), 
so that 2 a is the coefficient of superficial expansion. 

The coefficient of superficial expansion is twice the coefficient of 
linear expansion. 

Determination of Linear Coefficient of Expansion. — In 

Eoy and Eamsden’s method, a standard bar of metal is placed 
in melting ice to ensure its being at the freezing point (Fig. 25). 



Fig. 25. — Roy and Ramsden’s apparatus. 


The bar to be experimented on is placed in a bath of oil whose 
temperature can be varied. The two rods are placed parallel to 
one another, and rest on rollers, so that they are free to move. 
The standard bar carries a telescope at each end placed horizon- 
tally with axis at right angles to the bar. Th§ experimental rod 
has also two pillars similar to those which carry the telescopes, 
and these carry horizontal scales graduated with millimetre 
divisions. The two zeros being a known number of millimetres 
apart, the differences in the readings of the scale through the 
telescopes afford a means of computing the coefficient of linear 
expansion. For example, the two zeros being 1*312 metre (about 
4 ft.) apart, the left telescope reads 6*3 and the right 19*5 when 
the oil is at a temperature 17° C. Boiling oil is poured into the 
tray and the temperature when the rod and vessel have had 
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time to settle is 93° C. The telescope to the left now reads 6 ‘9 
and the telescope to the right 18*9, which shows that the bar 
has expanded T2 mm. for a rise of temperature 76° C. The 

1 *2 

coefficient of expansion is i3X2x 76 ~ 

On account of the smallness of the coefficients of expansion 
of solids a verbal difference arises in definition of the coefficient 
of expansion of solids. As solids expand regularly, and by 
so small a fraction of their dimensions, it is not necessary to 
state the temperature at which it is the coefficient of expansion, 
nor the temperature at which the dimension of reference is 
taken. 


Coefficients of Linear Expansion for a Change of 
r IN Temperature 



C. 

F. 1 


C. 

F. 

Aluminium . 

•0000222 

•0000123 

Pinewood . 

•0000050 

•0000027 

Brass . . . 

•0000189 

•000010,5 

Platinum 

•0000086 

•0000048 

1 Copper . . 

•0000166 

*0000092 

Slate . . . 

•0000104 

•0000057 

! Glass . . . 

•0000089 

•0000049 

Silver . . . 

•0000194 

•0000107 

Gold . . . 

*0000141 

•0000078 

Steel . . . 

•0000114 

•0000063 

Iron . . . 

•0000117 

•0000065 

Tin. . 

•0000209 

•0000116 

Lead . . . 

•0000294 

•0000163 

Zinc . . . 

•0000298 

•0000165 


A comparison of the coefficients of cubical expansion of a 
solid, liquid and gas — e.g, iron, *0000355; mercury, *00018; 
gas, *00366 — shows that the expansion of gas is about ten 
times that of liquid, and liquid ten times that of solid bodies, the 
coefficients of different liquids and solids varying very much. 

Different qualities of glass have different coefficients of 
expansion, and glass can be made which has the same coefficient 
of expansion as platinum. Platinum wire can be inserted in 
molten glass, and both substances will contract together and 
leave no interstices when cooling. This important fact is of 
practical value in the construction of incandescent lamps and 
other electric appliances. 
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Practical Consequences of Expansion 

The expansion of bodies when heated must be taken into 
account in the design of metal structures and machinery ; while, 
at the same time, the forces exerted by metals when expanding 
and contracting are valuable to the engineer and builder, for 
these forces are very great. The strength of materials is 
measured by (1) the tensile strength, i.e, the force per sq. in. 
which must be exerted to pull a specimen asunder ; and (2) the 
crushing strength, which is the force per sq. in. which a specimen 
can support without being crushed. 

These are the forces which are exerted by materials when 
contracting and expanding ; but it must not be forgotten that 
both tensile and crushing strength diminish when a metal is 
heated. 

As examples of the employment of the forces of expansion 
and contraction : Tyi^es are made to fit the wheels and are then 
heated ; thus expanded they slip on easily, and as they cool they 
contract and are firmly fastened on. Big Guns are sometimes 
built of tubes which are each made slightly smaller than to fit, 
and then heated and shrunk on. Riveiing is a very familiar 
operation to many. Two plates to be fastened togetlier are held 
whilst a hole is drilled through them both. A rivet is heated 
to red heat and passed through the hole, and when there is 
hammered until both ends have heads closely gripping the 
plates. The contraction of the rivet as it cools grips the plates 
together with great force. 

A most interesting application of the expansion of iron 
occurred in connection with the completion of the Forth Bridge. 
‘‘On the 10th October 1889, the lower beams of the connecting 
girders were coupled up. Artificial heat obtained by burning 
cotton waste was applied to about 120 ft. of girder in order to 
obtain the elongation necessary for bringing the i*ivet holes into 
position” {Whitaker's Ahmnm, 1890). 

As examples of the necessity of taking account of expansion 
in design : The expansion of iron bridges must always be pro- 
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vided for, Eailvi^y rails on the bridge are not connected firmly 
with those on the shore. On the Forth Bridge a longitudinal 
play of 10 in. is allowed for by dovetailing the rails at the joining. 
Parts of the bridge are on rollers while the bolts to hold the 
towers on to the piers pass through slotted holes in which the 
bolts can travel. 

In a stove or boiler the firebars must fit loosely, and all 
parts must be arranged to expand equally. In steam- and hot- 
water pipes expansion joints are inserted ; condenser tubes 
are fitted in stuffing boxes, so that the tubes may expand 
freely. 

Application of the Differences in Expansion of Metals 

The difference in the coefficients of expansion of different 
metals is made use of in various ways. 

Compensated Pendulum. — If a clock has a metal pendulum 
the expansion of the rod causes the pendulum to swing more 
slowly in hot weather. It is possible to correct this by a suitable 
combination of metals. 

Harrison’s Gridiron Pendulum. — The linear coefficients 
of expansion of brass and iron are *0000189 and *0000117. 



Fig. 26.— Expansion corrected. 


The ratio of these coefficients to one another is nearly as 3 to 2. 
If then two rods of brass and three rods of iron be arranged as 
shown in Fig. 26, the extreme length is constant at all tempera- 
tures, provided the total length of the iron rods I, I, I be to the 
total length of the brass rods B, B aS 189 to 117. 

The lowest iron rod is prolonged because twice 189 is greater 
than three times 117 by 27. 
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The pendulum thus arranged is shown in Fig. 27. Eods are 
placed in the order described, but similarly on either side of the 
central iron rod ; the brass rods are darkened. 

Mercurial Pendulum. — In this pendulum, frequently fitted 
to French clocksj the rod is made of iron and the bob consists 



of two glass cylinders containing mercury (Fig. 28), The co- 
efficient of cubical expansion of mercury is *00018 and of 
glass *0000267 ; therefore the coefficient of expansion of the 
mercury in the glass vessels is the difference of these; viz. 
*0001533, which is about thirteen times the coefficient of linear 
expansion of iron, *0000117. 
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Hence, if the length of the pendulum be thirteen times the 
height of the c.g. of the mercury column, the c.g. of the mercury 
remains at the same distance below the point of suspension, how- 
ever the temperature may change. 

Compensated Balance. — The curA^ature of a compound strip 
of brass and steel when heated is used to compensate for the 
effect of expansion in retarding the oscilla- 
tion of a balance wheel (Fig. 29). The 
rim consists of two semiciides, each a com- 
posite strip of brass and steel, the brass 
being the outer strip. When the tempera- 
ture rises the diameter is incre^ised, and 
the effect of this is to place the arcs further 
from the centre ; but at the same time the 
strips become more curved, which brings 
the free ends nearer the centre. By this means the angular 
momentum of the wheel is kept unchanged. 

Metallic Thermometer. — A composite strip of brass and 
steel is made of a spiral form (Fig. 30), the spiral becomes 



Fig. 29. 

CoinjKinsattKi balance. 



Fig. 80. — Metallic thennometer. 


more curved if the temperature rises, and less curved if the 
temperature falls, provided the outer strip of the spiral lie brass 
and the inner steel. The figure shows the arrangement of 
such a spiral as a recording thermometer, and the parts are 
exaggerated and displaced that they may be seen. The 
end of the spiral A is fixed, and then if the temperature rises 
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the increase of curvature moves the lever BC and the end C 
rises, and vice versd. The movement can be recorded on paper 
fastened to the drum D, which moves by clockwork. 

Pyrometry. — The term pyrometry is usually applied to the 
measurement of temperatures which are beyond the range of the 
mercurial thermometer. 

Such temperatures can be estimated to a certain extent by 
the eye. In the case of iron a dull red may be considered to be 
525° C. (975° F.) ; cherry red, 800° C. (1450° F.); orange, 
1100° C. (2000° F.); white, 1300° C. (2350° F.) ; dazzling 
white, 1500° C. (2700° F.). These estimations are of course 
extremely rough. 

The air thermometer is a very valuable and accurate test of 
temperature up to the melting point of its materials, and metallic 
thermometers of composite strips can be used up to the welding 
temperature of the metals. 

The electrical condition of metfds varies with the tempera- 
ture. Platinum is used in the pyrometer of Prof. Callender; 
this is treated of in Electricity, p. 794. 

In conclusion, the first effect of imparting heat, viz. expan- 
sion, provides instruments with which temperature may be 
measured, and further investigations can be conducted with 
their aid, so that we are made independent of the deceptive 
answers of our senses. 



CHAPTER V 
Calorimetry 

Amount of Heat — Unit of Heat or Thermal Unit— British Thermal Unit — 
Calorie— Si)ecitic Heat — Capacity for Heat — Calorimetry — Calorimeter 
— Water Equivalent — Favre and Silbermann’s Calorimeter. 

Amount of Heat. — With the aid of the thermometers M^hich 
have been described the temperature of bodies can be accurately 
measured. This being so, the way is cleared for the considera- 
tion of the next subject — the amount of heat which a body can 
impart or receive. 

If there be cold water in a basin and hot water be poured 
into it, the mixture is warm ; the more hot water is poured in 
the warmer the mixture, also the hotter the water, the amount 
added being the same, the hotter is the water in the basin. 

If it be required to keep a tea-urn hot for a school feast in 
the open air, it is usual to heat an iron bar and to place it in a 
tube provided for the purpose in the uin. Here, again, a l)igger 
bar will keep the tea hot longer, because it can impart more 
heat ; also the hotter the bar the more heat it can give. 

These simple examples illustrate what was said at the very 
beginning, that the amount of heat which can flow from one 
body to another depends on the mass of the bodies as well as on 
the difference of their temperatures. It depends not only on the 
mass of the hotter body but also on the mass of the colder, for 
a small body is soon raised to the temperature of a larger one, 
then no further heat will flow. 
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Continuing the illustration of p. 260, if two reservoirs 
be at the same level and connected by a pipe no water flows, 
though one .be a tea-cup and the other the ocean. But if they 
are at different levels, the quantity of water that flows depends 
not only on the amount of water in the higher but also on the 
capacity of the lower vessel. 

The amount or quantity of heat which passes from one body 
to another must be measured in units, as is the case with any 
other quantity. Water is the most convenient standard sub- 
stance in which to establish a unit. 

The Unit of Heat, Thermal Unit, or Unit Quantity of Heat 
is that amount of heat which can raise one unit mass of water 
at the standard temperature through one degree. 

The British Thermal Unit is that amount of heat which can 
raise 1 lb. of water through one degree Fahrenheit (from GO"" F. 
to or F.). 

The Calorie is that amount of heat which can raise one 
gramme of water through one degree Centigrade (from 4 ’ C. to 
5^ C.). 

A kilogramme’Ceniigrade (k.c.) unit and pound-cmtigrade (Ib.c.) 
unit are also used. 

The reason for mentioning a ‘standard temperature^ or a 
definite rise of temperature is that it tfikes a little more heat to 
raise a unit mass of water through one degree at a higher 
temperature, say from 90*^ C. to 91° C., than it does from 4° C. 
to 5° C. (see p. 306). There is, however, no agreement about 
the standard temperature, and such accuracy is mostly unneces- 
sary in the thermal unit. 

Specific Heat. — Two substances, iron and water, have been 
mentioned in our experiments; so far no measurements have 
been made, and consequently nothing has been said as to 
whether iron heats water to the same extent as other water does. 

Take 2 lbs. of water and a 2-lb. iron weight for the purpose 
of comparison, and to ensure them both being at the same 
temperature, put the iron into the water and boil it over a fire 
or lamp. 
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Now provide two separate vessels, each containing 2 lbs. of 
water at 60° F., and take precautions that they may not lose 
heat during the experiment by placing them on cork or sur- 
rounding with cotton-wool, though the experiment is not intended 
to be accurate. Pour the boiling water into one vessel, making 
4 lbs. in all, and put the 2-lb. weight into the other. The tem- 
perature of the 4 lbs. of water is about 136° F. ; the 2 lbs. of 
hot water has lost 76° F. in raising the cold 2 lbs. through 76°. 

Allowing time for the iron to reach the tem 2 )erature of the 
water, this is found to be about 75° F. ; the 2 ll)s. of iron has 
lost 137° in raising the 2 lbs. of water through 15°. 

It is evident from this that water differs from iron as to the 
amount of heat required to raise its temperature through a 
certain range. From the rough experiment it appears that the 
amount of heat requisite to raise 2 lbs. of water through 15° is 
provided by 2 lixs. of iron cooled through nine times that range. 
Reasoning from this, a British thermal unit which can raise 1 
lb. of water through 1° F. could raise about 9 lbs. of iron through 
1° F., or the amount of heat requisite to raise 1 lb. of iron through 
1° F. is of a British thermal unit. This last conclusion 


suggests the mode of defining specific heat. 

TJie Specific Heat of a substance is the number of thermal 
units necessary to raise a unit mass of the sul>stiincc through 
one degree. 

The Capacity for Heat of a body is the number of thermal 



Fig. 81. —Specific heat. 


units necessary to heat the 
Jbody through one degree. 

The following experi- 
ment also shows how bodies 
differ as to their specific 
heats. 

A flat circular plate of 
bee’s wax or solid paraffin 
about \ in. thick is sup- 
ported horizontally on a 


frame (Fig. 31). Balls of various materials — iron, brass, copper, 
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tin, lead, glass, and stone of about the same weight, that is of 
the same mass, are heated to the same temperature in a bath of 
boiling oil. 

The balls are taken out of the oil and placed at once on the 
plate, and they melt their way through the plate very differently. 
Though all at the same temperature they vary \"ery much in the 
amount of heat they can give out to melt the wax. The copper 
and the iron balls melt their way through, and the others pene- 
trate to varying depths. 

The balls jire at the same temperature and of the same m»ass, 
the amount of heat they can give out depends on their specific 
heat. 


Calorimetry. — In observations 
must be taken to avoid any loss 
of heat during the operations of 
mixing, etc. ; for this purpose a 
specially designed apparatus is em- 
ployed. 

A Calorimeter is conveniently 
made of thin copper polished, with a 
cover as C (Fig. 32), and suspended 
in a similar but larger vessel B. 
Slate supports F, F keep it in place 
and allow an air space all round it. 
The outer vessel B should again be 
packed in a case A and supported 
by slate props so that wool, may be 
lightly packed between the two. 
The outer vessel B can then gain or 
lose very little heat itself, and the 
calorimeter C is completely guarded. 


on quantity of heat care 



Fig. 82 .— Calorimeter. 


The stirrer D has a thermometer E in the handle, and both 


B and C have loosely-fitting covers. 


The water in the calorimeter is stirred so as to be at a 


uniform temperature throughout, and this is read by means of 
the thermometer, without the covers being removed. 
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Besides taking precautions against gain or loss of heat from 
outside during the experiment, it is necessary to make allowance 
for heat expended in warming the calorimeter itself or the re- 
verse. It is as though water equivalent in thermal capacity 
to, and of the temperature of, the calorimeter were added to the 
mixture. 

The Water Equivalent is the capacity for heat of calorimeter 
and stirrer. 

To prove that the amount of heat necessary to raise the temperature 
of water is proportional to the rise. 

Weigh 2 lbs. of water at 98^" F. into the calorimeter and 
add to it 4 lbs of water at 42° F. The water equivalent of the 
calorimeter is *6 thermal units, and the temperature of the 
calorimeter at first 60° F. (The British thermal unit is used in 
this example.) 

The resulting temperatiue of the water and calorimeter 
is 60*6° F. 2 lbs. of water at 98° F. with 4 lbs. at 42° and 

*6 lbs. at 60° F. contain as much heat as 6*6 lbs. at 60*6° F. 

The experiment shows by the method of mixing that the 
rise of temperature is proportional to the amount of heat 
added. 

To find the specific heat of solids, — Balls of equal mass 

but of different materials are heated in a bath of oil and 

placed in turn in the calorimeter. The specific heat of each 
ball is ascertained by observing the rise of temperature in the 
water. 

A ball of copper weighing 500 grammes is heated in oil to 
120° C. and placed in a calorimeter in which is 1 k. of water at 
15° C. The water equivalent of the calorimeter is *2 k.c. units. 
The temperature is raised to 19° C. Find the specific heat of 
copper. 

Here, to raise water and calorimeter through 1° C., 1*2 k.c. 
units are required; to raise them through 4° C., 4*8 units are 
necessary. 

The number of thermal units given out by *5 k. of copper when 
cooling through 101° 0. is 4*8 k.c. units, therefore the number 



V 


CALORIilETRY 


$05 


of units given out by 1 k. of copper when cooling through 1° C. is 


■5 X 101 


Hence the specific heat of copper is *095. 

To find the specific heat of a liquid . — Fill the calorimeter with 
a known quantity of liquid and conduct the operation in a 
similar way. 

A calorimeter is filled with 1 k. of paraffin oil at IS"" C., a 
ball of iron weighing 500 grammes heated in oil to 120° G. is 
placed in it. Water equivalent of calorimeter, -24 k.e. units. 

The temperature is raised to 21° C, Find the specific heat 
of paraffin. (Specific heat of iron, T13.) 

The iron ball has been cooled through 99° C., giving out 
*5 X 99 X -113 = 5*59 k.c. units. To raise the calorimeter 


through 6° C., 1*44 units are required. 

Therefore 4T5 k.c. units are required to raise 1 k. of paraffin 
through 6° C. 

To raise 1 k. of paraffin though 1° C., *69 unit is required. 
Hence, the specific heat of paraffin oil is *69. 


Specific Heat of Certain Substances 


S.H. of Water at 0° C. = 1. 


Solids. 

Liquids. 

Aluniiilium 

. -215 

Alcohol 

•616 

Brass 

. 0939 

Carbon di- 


Copper . 

. -095 

sulphide 

•221 

Class (?) . 

. ^92 

Ether 

•517 

Gold 

. -0324 

Glycerine . 

612 

Ice . 

. *5 

Mercury . 

•0333 

Iron 

. 113 

Paraffin (?) 

•683 

Lead 

. -0315 

Turpentine 

•467 

Platinum 

. -0324 



Silver 

. -0559 



Steel 

. *118 



Tin 

. -0559 



Zinc 

. -0935 




The specific heat of water considerably exceeds that of all 
other substances. Consequently heating is done by water better 

X 
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than hy any other substance, since it gives out more heat for a 
given loss of temperature ; the same is true of cooling. 

More heat is required to change the temperature of water 
through a certain range than any other substance. Conse- 
quently the water on the globe is a great ecpialiscr of temper- 
ature ; water is not heated by the suit so rapidly as land, and 



it does not lose its heat so soon in the absence of the sun’s 
rays. 

The specific heat of liquids is, as a general rule, greater than 
that of solids; and the specific heat of a substance in the liquid 
state is greater than that of the same in the solid state, e,g. 
specific heat of ice, *5. 

This is part of the general principle that the specific heat 
increases with the temperature of the substance. The changes 
in the specific/ heat of water are given by the diagi*am (Fig. 33). 
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For example, one unit of heat is required to raise one unit-mass 
of water through 1° at freezing point, while at boiling point 
1*013 units, and at 200*^ C. 1*044 thermal units are required. 
At the last-mentioned temperature the water is under a pressure 
of 16 atmospheres. At the freezing point there is a sudden 
break in the curve, 2 ft. downwards. 

The small specific heat of mercury should be noticed. Its 
utility as the liquid in thermometers depends on this, for it 
rapidly assumes the temperature of the fluid in which it is 
placed, and it absorbs but little heat from the fluid in changing 
its temperature. 

Other forms of calorimeter are described when the subject in 
which they are used is discussed (pj). 311 sqq.^ 337). 

Favpe and Silbermann’s Calorimeter consists of a mercurial 
thermometer with a very large bulb of cast-iron. A copper tube 
in which may be placed specimens of substances whose specific 
heat is required is inserted in the side of the ])ulb, so that the 
substance is almost wholly surrounded by the mercury. The 
whole bulb is packed in non-conducting material, after a cap has 
been placed on the tube. Then all the heat given out by the 
substance in cooling produces an effect in the expansion of the 
mercury. 

To Find the Specific Heat of Gas. — The simple calorimeter 
descril)ed alcove can be used with a slight modification. A thin 
copper tube of fine bore and considerable length is formed into a 
coil which fits into the calorimeter. A known volume of gas at 
known temperature and pi^ssure is drawn thrcnigh the tube, and 
in its passage raises the temperature of the water in the 
calorimeter. The changes in the temperature of the water and 
the gas compared with the masses of gas and water give the 
specific heat of the gas. 

The gas in this case is at a constant pressure. The specific 
heat of gas at constant volume in all cases is about *71 of the 
specific heat at constant pressure. 

Eegnault determined the specific heat of various gases 
under both conditions. He found that the specific heat of 
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any gas does not vary with its temperature nor with its 
pressure. 

Specific Heat of Some CtASks 


Watfti* = 1. 

At constant 

Air .... 
Oxy^^eii . . . 

Nitrogen . . 

Hydrogen . . 

Steam . . . 

I*ressurc. 

•2375 

•2175 

•2438 

3*409 

•4805 

Volume. 

•1084 

•1551 

•1727 

2-411 

•37 




CHAPTEK VI 

Effects of Heat — Change of State 
Solid to Liquid 

The Three States of Matter — Melting — Sensible Ilcat — Latent Heat of 
Fusion — Latent Heat of Water — Freezing Mixtures — Table of Melting 
Point and Specific Heat — Melting Point — Freezing Point — Weakness 
through Heating — Change of Volume — Melting Point and Pressure — 
Kegelation. 


The Three States of Matter. — The fourth and most remarkable 
effect of imparting heat to a body is to cause it to change its 
state. It is well to think in general what this means. The ice- 
floes of the Arctic Itcgions, that barrier which intrepid spirits are 
ever trying to jmss ; the ‘ countless smile of ocean/ bearing on its 
bosom the argosies of nations ; the invisible vapour, gentle dis- 
penser of health and powerful agent in all jorogress and discovery 
— all these are water, but differing as widely as any substances 
could possibly differ in tkeir states of solid, liquid, and gas. 
This difference of state is caused by heat. 

Most substances are capable of existing in these three states, 
though water is the only one which comes under ordinary obser^ 
vation in all the three, and is solid, liquid, and gas at tempera- 
tures commonly met with. For example, iron is familiar to us 
only as a solid, but we know that it molts at a high temperature, 
and that it is present as a gas in the sun. Air is only known 
as a gas, but modern methods have introduced us to liquid and 
even to solid air. 
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The present chapter deals with the change of state from solid 
to liquid and the reverse. A solid body of definite shape and 
able to resist sti'ess in any direction is changed by the addition 
of a certain quantity of heat into a liquid, unable to resist any 
but a compressive stress, a ‘ mobile ' substance unable to with- 
stand any shearing stress. 

The first experiment introduces some very cold ice. In a 
temperate climate ice is usually looked on as a substance at 
freezing point. Such is far from being the case in Arctic 
Regions, or even in Canada or Russia, where the winters are 
very severe and ice is often many degrees below zero. Even in 
temperate climates it is not wise to assume that ice is at the 
freezing point. 

Melting. — Take some ice at 20” F., pound it small and place 
it in a beaker in a basin of hot water. A glass thermometer 
graduated on the stem should be used to stir the ice. The first 
effect observed is that the temperature of the pounded ice rises ; 
it does so until the thermometer stands at 32" F., and some of 
the ice melts. Then if the thermometer continually stir the ice 
and water, it is seen to remain at the freezing point and no 
longer to rise. The thermometer remains at 32” F. until all 
the ice is melted, and then the temperature begins to rise again. 

The temperature of a solid at tJw inelting p>oint does not change 
during fusion. 

The basin of hot water loses heat continuously, so that evi- 
dently all the heat it has given out has not gone to raise the 
temperature of the beaker and its corl Lents. 

Sensible Heat is heat which changes the temperature of a 
.body. 

That heat has been otherwise employed can be seen in 
the following rough experiment. 

Take 1 lb. of ice at 32” F. and place it in a vessel containing 
10 lbs. of water at 65” F., taking some precautions to avoid loss 
or gain of heat from outside. Now if 1 lb. of water at 32” F. 
had been placed ih the vessel instead of the ice, the water in 
the vessel would have parted with 30 units of its heat, raising 
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the cold water to 62° F., the water itself being cooled to 
62° F. 

With the ice, however, it is different ; the ice is melted, and 
the temperature of the water is found to be about 50° F. The 
ice has disappeared, forming 1 lb. of water, which has been 
heated through 18° F. The 10 lbs. of water have been cooled 
from 65° to 50° and 1 lb. of ice has been raised from 32° to 
50°, so that about 132 units of heat have disappeared. 

Latent Heat of Fusion is the number of units of heat which 
must l)e added to a solid to change one unit of mass into liquid 
without change of temperature. 

So long as the corresponding unit of heat is chosen, the unit 
of mass may be the kilogramme, gramme, or pound without 
altering the numerical value of the latent heat. The Centigi\ade 
and Fahrenheit values are in the ratio 5:9. 

The latent heat of fusion of ice, called also the Latent Heat 
of Water, is 79*25 C. and 142*65 F. 

Latent Heat of Water. 

To Determine the Latent Heat of Fusion of Ice. ‘ 

i. The Ice-BlocJc Calorimeter, devised by Black, who was the 
first to observe latent heat of fusion. 

A block of ice has a cylindrical hole about 2 in. (5 cm.) diameter 
bored in it ; the hole is covered with 
a slab of ice. A ball of metal which 
goes easily into the hole is heated to 
some known temperature, such as that 
of boiling water. The ice* cavity is 
carefully dried and the ball drop])ed 
into it (Fig. 34). When the ball has 
been long enough in the hole to reach 
the freezing point the water which is 
in the hole is poured out and weighed. 

An iron ball 14- in. diameter at a temperature of 100° C, is 
put into an ice block, and melts one ounce of water. What is 
the latent heat of water (Centigrade) ? ' 

An iron ball 1| in. diam. weighs *46 lb., and when cooled to 


C ' "rr 



Fig. 34.— Ice block. 
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0° C. has parted with *46 x 100 x *113 = 5*2 lb. c. units of heat, 
and thus has melted lb. ice. 

Therefore 5*2 lb. c. units are necessary to melt one 
pound of ice, and the latent heat of water is 83*2. 

The method is a rough one, and the result obtained is only 
approximate, 

ii. The Calorimeter Method. — A known quantity of water is 
placed in the calorimeter (p. 303), the temperature being 
observed. A piece of ice of known mass is put in it, and the 
cooling of the water in the calorimeter is observed. In fact 
the simple experiment with which we began is carried out care- 
fully with apparatus of precision. The comparison of the 
weight of ice melted and the number of units of heat imi>arted 
by the water gives the latent heat. 

In a calorimeter containing I k. of water at 23° C. is placed 
265 grammes of ice at ~ 3° C. ; the Avater equivalent of the 
calorimeter is *2 k.c. units. The temperature when all the 
ice is melted and the water well stirred is 4° C. 

The water and calorimeter have been cooled through 19° C. 

They have lost in sensible heat 1 *2 x 19=22*8 k.c. units of heat. 

The ice has received ,, ,, *265 x 7= 1*8 ,, ,, 

Disappeared as latent heat employed in 

melting ‘265 k. of ice . .21 , , . , 

Therefore 21/*265 = 79*25 = heat of water. 

iii. Lavoisier and Laplaces Ice Calorimeter is the same in juin- 
ciple as the ice block. The amount of ice melted by a known 
mass at a known temperature in cooling to the freezing point is 
ascertained. 

It is used for finding the latent heat of water and 
also the specific heat of substances, the latent heat of water 
being known. The body is placed in a thin vessel similar to 
C in the simple calorimeter (see Fig. 32 ), but usually smaller. 
The cover being put on, C is surrounded entirely with ice, so 
that B is full of ice. 

The ice in the vessel B is melted by the heated substance, 
and the water is run off into a beaker to be weighed. To avoid 
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any melting of icc in the vessel B through heat from outside, 
the vessel A is filled with ice, and the cover of it is also heaped 
with ice. No drain should be provided for the vessel, as the 
ice and water in it should bo at freezing point, and the water 
ensures that the temperature is not lower than that. 

In all cases where it is desirable that ice should be kept 
cold and melt as little as possible, a drain should be provided. 
Ice for sick-room use should be kept dry on a cloth stretched 
over a basin. 

But if the object is that the temi)erature should be that of 
the freezing point, ice should be left in contact with the water, 
which will have that temperature. 

Freezing Mixtures. — When melting, a solid must absorb 
heat from its neighbourhood. The addition of sugar cools a cup 
of tea more than lotting in an equal piece of stone, for example. 
A mixture of pounded ice and salt has a tendency to melt and 
become brine. To do so it must absorb heat, w^hich becomes 
‘ latent,’ and the li(|uid pi*oduced is at the freezing point of 
brine - 22° C. ( - 8° F.). Such 
a mixture is called a freezing 
mixture, l)ecause cold may be 
produced by it, and water or 
other liquids may be frozen. 

The familiar apparatus for 
producing ices is shown in Fig. 

35. The bucket is filled with 
the freezing mixture, anch the 
cylinder is rolled about in it; 
the motion causes different jiarts 
of the contents of the cylinder 
to come in contact with the sides 
as they are cooled by different 
parts of the mixture in the pail. 

It is a common practice, which cannot be too strongly con- 
demned, to sprinkle salt on the pavement and streets after a fall 
of snow. The snow is melted ; but, as has been seen, the slush 
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produced is intensely cold, and dangei’ously lowers the tem- 
perature of the feet of passers-by, of the ill-shod poor especially, 
thus endangering the health. 


Table of Melting Point and Latent Heat of 
Fusion of Certain Substances 



Melting: Points. 

li.H. of Fusion. 


C. 


C. 

F. 

Air 

-210 

-346 



AlumiiiiiiDi . 

0.57 

1214 



Brass . 

1015 

1860 



Carbonic dioxide . 

-78-2 

-108*7 



Copper (in air) 

1062 

1943 



Gold . 

1064 

1917 



Ice 

0 

32 

79*25 

142*65 

Iron (pure) . 

1503 

2737 

23* 

41*40 

Lead . 

327 

620 

5-37 

9*66 

Mercury 

-39*5 

-39*1 

2 -83 

5*09 

Platinum 

1710 

3110 

27-18 

48*92 

Silver (in air) 

955 

1751 

20-07 

36*13 

Tin . . . 

232 

449 

14-25 

25*65 

Zinc . 

419 

786 

28-13 

50*63 


Ammonia nitrate crystals in water produce a low temperature, 
15° C. (5° F.). Sulphate of soda with dilute hydrochloric acid 
or nitrate of potash and salammoniac solution are also availa})lc 
as freezing mixtures ; l:)ut freezing on a large scale is carried on 
by other methods, one of which was described on p. 275 ; 
others will be described later (p. 345). 

Melting Point — Freezing Point. — The temperature of the 
melting point is the same as that of the freezing point. In the 
case of Avater the temperature of the melting point is 0° C. 
(32° F.), and the experiment described on p. 310 shows that 
the temperature of a solid at the melting point does not change 
during fusion. For the basin of hot water substitute a basin of 
freezing mixture, and fill the beaker with water. The tempera- 
ture falls to 0° C., and crystals of ice appear; if now the 
water be stirred with the thermometer, the temperature remains 
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at 0° C. until the whole of the water is frozen, showing that the 
freezing point is the same as the melting point. 

Weakness through Heating. — The change of state from 
solid to liquid takes place at a definite temperature for each 
substiince. But many substances, when at a temperature below 
the melting point, have a lower limit of elasticity and become 
plastic. For example iron, when heated beyond a dull red heat 
gradually loses its rigidity and tenacity. The crowns of furnaces 
and com]>ustion chambers become unduly heated if they are not 
covered with water, and being weakened, they collapse under 
the pressure of steam. Iron pillars and girders are often a source 
of danger in construction ; in case of fire they become heated, 
their crushing and tensile strength are diminished, so that they 
can no longer support the weight they are designed to bear, and 
the buildings collapse. 

When very near the melting point iron is of the consistency 
of putty, and two pieces of wrought iron in that condition can be 
moulded together into one piece. This is called welding (see p. 318), 

These examples show that, in some substances, fusion and 
solidification are gradual processes. 

Change of Volume at the Melting Point. — Some sul)stances 
expand while other substances contract when melting, and the 
reverse when freezing. That water exi)ands when freezing should 
be well known by every householder, as pipes full of water are 
split when it freezes, and the thaw when it comes liberates the 
water. Ice floats on water, and icebergs sometimes tower 50 
feet high out of the water ; •unless the iceberg is aground, there 
must be nine times as much ice below water as al)ove. (Specific 
gravity of ice at 0"" C., *918 ; of sea water at O ’, 1*020). 

Water expands about 9 per cent in freezing, and then 
contracts as cooling proceeds (linear coefficient of expansion 
*000052 C.). Fig. 30 shows a continuation of Fig. 16 (Anomal- 
ous behaviour of water) to - 10^" C. ; in this there is an in- 
stantaneous rise of 27 ft. in the curve at freezing point. There 
is no perceptible plastic interval in the case of water. The 
diagram represents the behaviour of a column of water which is 
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100 yards long — of 1 gramme of water if its volume to the unit 
line is 1 cub. cm. 



Fif?. 3<>.— Behaviour of water near the freezing point. 


Bismuth, lead, and brass expand when solidifying, so that 
they take the shape of a mould when cooling. When the 
molten metal is run into a mould the expan- 
sion of the solidifying mass forces the metal 
into every corner of the mould. Silver and 
gold contract when solidifying ; gold and silver 
coin and medals cannot be cast with so sharp 
an outline, and they are stam|)ed with dies. 

Melting Point and Pressure. — If a body 
which contracts when it melts is subjected to 
pressure, it would seem natural that it should 
melt more easily, that is, at a lower temperature. 
Conversely a body which expands on melting 
must be hindered by pressure from melting 
and melt at a higher temperature. 

Mousson’s experiment proved this to be 
so in the case of water. A cylindrical hole 
w is bored in a steel bolt B, which screws into 
Fig. 37. another steel bolt A, both having squared 

Mousson s experiment. ® ^ 

heads. When they are screwed together the 
copper plug C, which is slightly conical, is forced into wj^Fig. 37). 
The whole is inverted, and w is filled with water through the 
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bottom hole, which is closed with a screw plug, after a small 
steel index o has been introduced, which then rests on C. The 
apparatus in this position is exposed to a very low temperature 
in a freezing mixture, so that the index is frozen into the water 
at what is in the figure the upper end. 

The bolts are now inverted to the position shown, and are 
screwed together with powerful screw wrenches, the whole being 
kept in a freezing mixture. To avoid warming the apparatus 
by the mechanical work done on it, this must be done very 
slowly. Mousson moved the screw A through only 45° at a 
time, taking four or five minutes to do this, and leaving it four 
hours to cool between the movements. 

When the lower screw-plug was removed a cylinder of ice 
shot out, the steel index being at the end of it, showing that, in 
spite of the low temperature, - 18° C., the water had been melted 
and allowed the index to fall. Mousson estimated the pressure 
exerted to be about 1300 atmospheres. 

Regelation. — If a slab of ice be supported at the ends and 
two equal weights be hung from the middle of it by a copper’ 
wire joining them, the pressure of the wire causes the ice to 
melt, and the water thus formed freezes above the wire again. 
Consequently the wire gradually passes down through the ice, 
and the weights fall without any cut being left in the slab. 

If two slabs of ice be pressed together the ice surfaces in 
contact melt; when the pressure is removed the water thus 
formed is frozen again and the slabs are united. This freezing 
again is called llegelaiion, • 

This is ingeniously used in the Van der Veyde system of ice- 
making. Pure water is frozen in small cubes, each marked with 
the trade mark. Several cubes are then frozen together by 
pressure and sold in blocks. The planes of regelation are not 
so strong as the rest, and are pianos of cleavage. The whole 
easily breaks up into the cubes, while each bears the stamped 
guarantee of purity. 

The formation and the motion of glaciers is apparently due 
to melting and regelation. The pressure of the masses of 
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avalanche snow and ice from above causes the accumulated ice 
and snow to melt, and then they freeze again into the clear blue 
glacier ice. Also, as the pressure of the ice masses al)ove causes 
the glacier to press on the floor and sides of the glacier })ed, the 
ice is melted and yields, freezing again in a new position. As a 
consequence, a glacier moves down its valley as a viscous liquid, 
much as pitch would move, though ice is really a solid. The 
motion of a glacier has been compared to that of a river of 
mortar flowing down a valley, its middle fastei* than its sides. 

Welding is an example of regelation. Lord Kelvin and his 
brother. Professor James Thomson, have shown both by theory 
and experiment that any body which expands when cooled and 
contracts when heated is cooled instead of heated by pressure. 

Cast-iron expands al)out 7 per cent of its volume at 1300'’ 
or 1400^ C. as it passes from the solid to the plastic condition, 
a fact used by Moissan (190G) in making artificial diamonds, 
and it then contracts about 6 per cent as it melts. Wrought-iron 
cannot be commercially melted; in the laboratory it has a 
melting point ranging from about 1500*^ C. for pure iron to 
1400'" C. for iron with 1 per cent of carbon. In its plastic 
condition, say at 1200° C., it contracts when heated, and it is 
in that state that welding can be done. Two pieces of wrought- 
iron are brought to a Avoiding temperature ; pressure is then 
applied ; the temperature of the joint falls some 50° C. at the 
junction, owing to the pressure, and the union is effected. 

The reason that iron with over 1*5 per cent of carbon and 
high carbon steel will not weld spears to be that they are 
mechanical mixtures of substances with different melting points. 



CHAPTER VII 

Effects of Heat — Change of State 
Liquid to Gas 

Condensation and Evaporation — Evaporation in Op(‘n Air — Dalton’s Experi- 
ments — Diagram of I’ressures — Vapours of various Lnpiids — A^)latile 
Licpiids — Saturated Vapour — Unsaturate<l Vapour — Adiabatic Exjjansion 
— Critical Temperature — A’^apours and Gases — Mixture of Gases and 
Vapours — Voluminometer Method — Dalton’s Laws of A'apours. 

Condensation and Evaporation. — A tumbler full of very cold 
water has a most refreshing appearance when it is })rought into 
a hot crowded room ; its coolness is proclaimed })y the dewy 
mantle which it wears ; the very heat which oppresses us 
])reathes its tokens on the glass. Then, if it remain in the room 
untouched, its freshness soon fades, the moisture which hung 
around it vanishes whence it came, and an unattractive glass of 
water remains. 

This is a very simple experiment, and a correct inference 
from the facts observed in it forms the sul)ject of this chapter. 

What is seen to take jdace is first Condensation when the 
water, invisible and permeating the air in the state of gas, 
becomes liquid in what is called ‘ dew ’ on the glass ; and after- 
wards Evaporation, when the water which was standing in 
drops on the tumbler disappears, having become water vapour 
or steam, a gas which is invisible. 

If a thermometer be brought into requisition, some of the 
conditions of these changes of state may be observed. If the 
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temperature of the room be 72® F. (22® *C.), and the water 
when it comes in be 50° F. (10° C.), the effect is certain to be 
very marked ; the glass will be thickly covered with drops of 
water. Then as the water in the tumbler becomes warmer, the 
‘dew* gradually evaporates, and though the tumbler is still 
much cooler than the room, perhaps at about 61° F. (16° C.), its 
surface becomes quite free of moisture. 

Evaporation and condensation are here seen to take 
place at a temperature evidently less than 72° F., and the 
same experiments with iced water and cooled rooms, or oven 
with tepid water and very warm damp rooms, lead to the 
conclusion that evaporation and condenmiion take place at any 
temp&i'atnre. 

Evaporation in Open Air. — If water be left in an open dish 
it evaporates, and the dish becomes dry. The records of 
observations made during several years show that the evapora- 
tion from a free water surface amounts in London to about 
20 inches in depth annually, rising to as much as 88 inches at 
the Equator. Evaporation goes on at the low:est temperatures 
and ice evaporates without melting. 

The conditions of evaporation will bo further discussed later 
on, but it is best here to dispel the prevalent idea that ‘ boiling * 
is the change from the liquid to the gaseous state, and that the 
‘ boiling point ’ is the temperature of transition from the liquid 
to the gaseous state, just as the ‘ melting point * is the tempera- 
ture of transition from the solid to the liquid state. This is not 
the case ; boiling is something quit^ different from evaporation, 
and the conditions under which each takes place must be 
separately considered. 

Now if the tumbler of cold water be brought in from outside, 
it may be noticed that it is free from ‘ dew * so long as it is in 
the open air, which is drier than the room. Again, when its 
surface has become quite dry, if it be taken into a conservatory, 
where the air is damper than in the room, moisture is again 
condensed on the glass. It may be arranged that the tempera- 
ture of the air in all three places may be the same, but anyhow 
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the experiments show that the temperature of evaporation depends 
on the ammnt of water vapour pyresmt 

The experiments which have been’ described have served to 
introduce the main principles of the subject. For more exact 
discussion of the laws of evaporation more accurate apparatus is 
required. 

Dalton’s Experiments. — Two barometer tubes are set up in 

a cistern of mercury, to 

which a long handle is 

attached giving support to ^ ^ 

the tubes. Thermometers ^ 

are fastened to the handle || 

at the top and bottom. i ^ # ;|j 

The whole can then be 

lowered into a tall glass r_:^ J 1 

jar of water, and a stirrer : J; || 

is provided to ensure all 11^5 

the water being at a uni- / Mfij 

form temperature through- / U| | 

out (Fig. 38). The object ^ «i ’ 

of the bath of water is to j ^ lBi| 

ensure that the barometer . . 
tubes should be at a de- -f j 

is read by the thermo- 
meters. The water in the 

bath may be cooled by 3 «.-i.h1u.us 

means of a jacket of freezing mixture, or warmed .by a steam- 

pipe led into it, so that it may be at any required temperature. 

Before the cistern and tubes are lowered into the jar 
some water is introduced into the right-hand tube by means 
of a syringe or pipette. It rises to the surface of the mercury 
and evaporates at once ; if sufficient water be introduced, some 
of it will remain liquid on the surface of the mercury. The 
water should be previously boiled to ensure its being free of air. 

Directly the water is put into the tube the column of mercury 

Y 


Fig. 38. — Dtillou's experiiuonl. 
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falls, showing that the water vapour exerts pressure, and the 
amount of this pressure is measured by the distance through 
which the mercury is depressed below the left-hand column, in 
which there is no water. 

The cistern and tubes are lowered into the bath, and if it 
is gradually warmed the vapour exerts a greater pressure, and 
the right-hand column is more and more depressed below the 
column of reference. This shows that the pressure of water 
vapour increases with the temperature. 

These experiments, which were originally conducted by 
Dalton, very much in the form shown in Fig. 38, show that 
so long as there is liquid unevaporated above the mercury the 
water vapour exerts a certain pressure at each temperature. 

If the temperature rises, more liquid is evaporated, and the 
pressure increases; if the temperature falls, some vapour is 
condensed, and the pressure is less. 

Diagram of Pressure. — Draw a horizontal line and divide 
it into degrees Centigrade and Fahrenheit to represent the tem- 
perature of the vapour. Draw vertical lines representing to a 
convenient scale the amount of depression of the mercury which 
measures the vapour pressure. Then if the ends of these lines 
be joined by a curve, and diagonal scales be provided, the pressure 
at any temperature can be accurcately read. 

The diagrams (Fig. 39) are drawn from the results obtained 
by Eegnault, which have been recently confirmed by the careful 
observations of Professors Ramsay and Young. 

The experiments of Dalton afid the accurate values of the 
amount of water pressure obtained by these physicists confirm 
the conclusion to which the simple experiments led up, that the 
pressure of water vapour depends on the temperature. 

It should here be observed that this is not a repetition of 
Charles’s Law (p. 265). If the vapour were a gas whose pressure 
increases only in consequence of increase of temperature, the 
curve would be a straight line (coefficient of expansion *0036 C. 
and *002 F.). 

The diagrams give the pressure of saturated water vapour. 



Millimetres of mercury 2 4 6 8 . . MiHintetres of mercury 



Fig 39. DiagraiiiH of water-vapour presBurA. 
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Saturated vapour is that which is formed in a closed space in the 
presence of its liquid. 

Before proceeding to the discussion of what are the charac- 
teristics of saturated and unsaturated vapours, it will be M^ell to 
speak of the vapours of some other liquids besides water. 

* Vapours of Various Liquids. — The pressure of saturated 

A'apours at the same tem- 
perature differs with the 
nature of the vapour or^ 
evai)orated liquid. 

Let four barometer 
tubes be set up side by 
side in the same cistern as 
shown in Fig. 40. At the 
commencement of the ex- 
periment there is a Torri- 
cellian vacuum in each, 
and all stand at the same 
height. Leave the left- 
hand tul.)e for a column 
of reference, and into the 
second from the left intro- 
duce some water l)y means 
of a syringe or pipette 
as before ; into the third, 
some alcohol ; and into 
the fourth, some ether. 

The columns are not equally depressed by the vapours 
formed, the temperature being the same, 68'^ F. (20° C.) in the 
figure. The water vapour exerts a pressure measured by *68 in. 
(17 mm.) of mercury; alcohol vapour, 1'76 in. (44 mm.); ether 
vapour, 17*3 in. (434 mm.). 

The experiments may be carried further by using other 
liquids or by immersing the whole apparatus in a Imth or closed 
^air chamber, whose temperature can be varied. Such experi- 
ments show that the pressure of saturated vapours varies with the 



Fig. 40.--I)in'eroiit vapours. 
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temperature and the nature of the liquid evaporated. A diagram 
similar to Fig. 39 can be drawn for each liquid. 

Volatile Liquids are those which are easily volatilised or 
evaporated. When a liquid has a large vapour pressure at 
ordinary temperatures, as is the case with ether, alcohol, and the 
essences, perfumes, etc., the liquid easily flies off in vapour and^s 
called volatile. Some physicists use the term of all liquids which 
can be evaporated, in contradistinction to those, such as glycerine, 
oil, etc., which cannot. In this sense mercury is volatile ; its^ 
vapour pressure at 212*" F. (100° C.) is *03 in. (*75 mm.) of 
mercury, in the other sense it is not volatile. 

Saturated Vapour. — Fill a long barometer tube with mercury 
and invert it into a deep trough (Hydrostatics, Figs. 22, 23), 
thus forming a barometer. Now admit a small (quantity of some 
li<piid — water, or prefcraljly some volatile liquid, such as ether or 
alcohol, into the tube ; it evaporates in the vacuum and depresses 
the column. The barometer tube should be held with a cloth 
or flannel to avoid heating it with the hand. So long as there 
is liquid in the tube above the mercury the column remains at 
the same height above the mercury in the trough, whether the 
tube l)e moved up or down. The vapoui* is ‘ saturated,’ being in 
the presence of its li(]uid, and it exerts the same pressure, how- 
ever much space is allowed for it in the top of the tube. If the 
tube is raised and more space is av'ailable, more liquid is 
evaporated ; if the tube is lowered some of the vapour is con- 
densed. In neither wise is the pressure altered so long as the 
temperature is the same and there is liquid above the mercury. 

The experiments which have been described show that at a 
given temperature there is for every liquid a certain pi*essure 
which its saturated vapour exerts, and this is the maximum 
pressure which the vapour at that temperature ean exert. 

Unsaturated Vapour. — In the experiment described above a 
small quantity of liquid only was introduced. As the tube is 
raised and space is atlbrded to the vapour, the pressure continues 
the same until this liquid is all evaporated. When the tube is# 
further raised and there is no more liquid, the same conditions 
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no longer prevail. The vapour is unsaturated, and it no longer 
exerts the same pressure on the mercury. The behaviour of the 
mercury column is then exactly similar to that described in 
Hydrostatics, p. 172. Unsaturatcd vapours behave like gases, 
and obey Boyle^s Law of Pressures. 

The so - called * permanent ' gases are really unsatiirated 
vapours. Take air as an example, liquid air l)eiug now so 
frequently spoken of. Al)Ove the liquid air in the vacuum- 
^jacketed chamber the air is a saturated vapour at a temperature 
about -210° C. Air at ordinary temperatures has an im- 
mensely great saturated vapour pressure, and at atmospheric 
pressure air is an unsaturated vapour. 

Adiabatic Expansion (d SLafiaivo), not passing). In the 
foregoing experiments no attempt was made to ])revent gain or 
loss of heat by the vapour when expanding be.yond the precau- 
tion of holding the tube with a cloth.. When no heat passes to 
or from the expanding vapour the expansion is called adlabatir. 

If steam expands adiabatically some of it must be condensed 
into minute spherules of water, forming a cloud, or as a deposit 
of dew on the surface of the containing vessel. 

This is what occurs in Nature when the vapour streaming 
up from the earth into the upper air expands in coiisequencc of 
a decrease of pressure. The same takes place in the steam- 
engine when working expansively. If dry saturated steam at 115 
lbs. on the square inch at a temperature of 338" F. is expanded 
until the steam is at a pressure of 20*8 lbs. and a temperature of 
230° F., it occupies a volume five* times as great : but just one- 
tenth of the originally dry steam is condensed. 

Critical Temperature. — ^For each gas there is a tempcratui*e 
called the Critical Temperature, and when the gas is above this point 
it is not possible to liquefy it by any pressure, however great. 
This important principle was discovered by Dr. Andrewes. 

When a vapour is saturated, any diminution of the space it 
occupies does not increase its pressure but causes condensation ; 
but in the case of a gas above its critical temperature, at no 
pressure, however great, is this condition reached. 
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The components of the atmosphere have different critical 
temperatures : oxygen, - 118*8 C. ; nitrogen, - 146*0 C. ; argon, 
- 121*0 C., and the pressure under which they liquefy at the 
critical temperature also varies : oxygen, 50*8 atmospheres ; 
nitrogen, 35 atmo. ; argon, 50*6 atmo. 

At ordinary temperatures air behaves as if its saturated 
vapour pressure were infinite. 

Vapours and Gases. — Dr. Andrewes’ critical temperature 
(mables us to discriminate between vapours and gases. A mpour 
is a gas whose critical temperature is within the range of ordinary 
terrestrial temperatures. A ‘permanent’ gas is one (whose 
critical temperature is not within the ordinary terrestrial range 
of temperature, that is to say) w’hich, at ordinary temperatures, 
is not condensable into liipiid by pressure only. 

Carbonic acid is the only ‘ gas ’ which has a critical temperature 
within the ordinary range, viz. 30*92'^ C. (87*67° F.). Strictly 
speaking, according to the definition it is a vapour ; but compare 
carbonic acid with the vapour of a very volatile liquid, say ether. 
Ether vapour can be liquefied at a temperature of 15° C. by 
a pressure of half an atmosphere, while at a tempcratui’c of 
15° C. carbonic acid requires a pressure of 50 atmospheres to 
liquefy it. 

Hydrogen has the lowest critical temperature, -243° C. (30 
C. ahs .) ; boiling point 2 1 C. abs , ; melting point 1 6 C. abs. It waslique- 
fied by Prof. Dewar on May 10, 1898, and shown as a solid by him 
at the Centenary Celebration of the Royal Institution in June 1899. 

With regard to the deviation of gases from Boyle’s Law, 
referred to in Hydrostatics, p. 175, different gages behave in 
the same way if the temperature and pressure be measured, not 
in the ordinary units — degrees, dynes, cm. etc. — but in fractional 
parts of the critical temperature {abs,) and of the critical pressure. 

The minimum value of the product of pressure and volume 
and its position is the same for all gases when reckoned in terms 
of their critical values. For example. Hydrogen at - 183° C, 
acts like air at 0° C. 

Mixture of Gases and Vapours. — The experiments at the 
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beginning of the chapter made it quite evident that in the 
atmosphere water vapour is mixed with the air. On the other 
hand, the more careful experiments for measuring the vapour 
pressure have all dealt with evaporation in a vacuum. .What 
has now to be considered is the mixture of gas and vapour. 

Unsaturated water vapour behaves like a gas, and it has 
been shown in Hydrostatics, p. 174, that where there is no 
pressure there is no gas. Hence, since there is water vapour 
present in the atmosphere it is evident thfit even in the open 
air the water vapour present must exert some pressure. 

Resuming the experiments of p. 325 with the deep trough ; 
When the long barometer tube has been filled with mercury and 
inverted into the trough, introduce into the vacuum sufficient 
dry air to fill about 4 inches at the top of the tube when at 
atmospheric pressure, and raise the tube so that the air is 
expanded to occupy 8 inches. The mercury column then stands 
at half the barometric height. 

Now introduce some water into the tube ; when 
it reaches the air space some of it is evaporated and 
the 'column of mercury sinks, showing that the 
vapour exerts pressure on the mercury. 

The evaporation is not instantaneous, as in the 
case of a vacuum. After a little time the space is 
filled with saturated vapoui* mixed with air at half 
the atmospheric pressure, and the mercury column 
is depressed by the pressure of the vapour. If 
there be not sufficiept viator for the air to be 
saturated, the pressure is less. 

What the experiment shows is that in a mixture 
of air and water vapour each exerts its own pressure 
independently. 

Voluminometep Method. — The measurement of 
voiununometer prossures with the barometer tube «and deep trough 
addition. |g cumbrous and inaccurate ; careful experiments can 
be much more easily carried out with the voluminometer, which 
is used to prove Boyle^s law (Hydrostatics, p. 174), with the 
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addition of tijbe and stopcocks shown in Fig. 41 instead of the 
closed tube B. 

In the lower stop-cock there is a passage which goes only 
half way through the tap, and by its means liquid may be 
introduced into the closed tube which takes the place of B. 
Also the closed tube can be placed in a bath of water so that 
the temperature of its contents can be varied and ascertained. 

The flexible tube is filled with mercury and the closed tube 
with dry air which occupies about 4 cubic inches when at 
atmospheric pressure, that is when the mercury stands at the 
same height in the two arms. 

Introduce through the stop-cock suflicient water for some 
to remain unevaporated. The column at B is depressed by the 
pressure of the vapour. Now raise A until the volume of the 
saturated air in B is the same as that of the dry air at first 
(Hydrostatics, Fig. 24) ; the height of the column at A above 
B is that due to the pressure of the vapour. The temperature is 
kept constant throughout the experiment, a"nd the pressure of the 
water vapour corresponds to the temperature (see p. 323). 

If the air in B be expanded by lowering A, or if it bo com- 
pressed by raising A and lowering B, the mercury column between 
B and A always has additional height due to the vapour pressure, 
besides the fractional part of the barometric height, which causes the 
compression of the aii*, according to Boyle^s Law of Pressures. 

If there be suflicient water in B the air is always saturated. 
When the volume of the air space B is increased more liquid 
is evaporated to fill it ; when the volume of the air space is 
diminished some of the vapour is condensed. .The pressure 
remains the same in all enses. 

Dalton’s Laws of Vapours may now ])e recapitulated. 

1. The pressure of saturated vapour depends only on the 
temperature and the nature of the liquid. 

2. In a mixture of gases and vapours each exerts its own 
pressure independently of others present, provided that they do 
not act on one another chemically. This is sometimes described 
by saying that one gas acts as a vacuum to another. 



CHAPTER VIII 

Boiling — Latent Heat of EvAPOKATtoN 

Ebullition or Boiling— lloiliiig Point — Determination of Heights— -Cooking 
on Mountains — Boiling at High Pressure — Ebullition of Brine — Distilla- 
tion — Latent Heat of Evaporation — Total Heat of l<lvaporation — Deter- 
mination of Latent Heat — Latent Heat of Steam — Cooling by Evaporation 
— Hysteresis— Spheroidal State. 

Ebullition or Boiling. — When heat is applied at tlie bottom 
of a vessel containing liquid, water for example, the water is 
warmed and rises, cooler lic^uid flowing down to take its place. 
Convection currents arc set uj) and the whole is heated (see 
p. 287). As the temperature rises, more and more vapour is 
given oft’ into the heated space above the water, and rising into 
the cooler air is condensed, so that it becomes visible in a cloudy 
form ; but the water is not yet I)oiling. 

The surface of the vessel where the heat is applied is usually 
called the ‘heating surface'; it may not be actually at the 
bottom. As the water becomes hotter, some of it in contact with 
this surface is vaporised. Any bubble of steam formed there 
must have a vapour pressure which is equal to the fluid pressure 
there or it could not exist as a bubble. 

Now at any point in a liquid the fluid pressure is equal to 
the pressure on the surface, together with that due to the depth 
of the liquid, which last need not be considered in the present 
inquiry. The pressure in the bubble must at least equal the 
external pressure, and water vapour at a certain pressure must 
have a definite temperature (see p. 323), e.g, the bubble formed at 
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a pressure of one atmosphere must have a temperature 100"^ C. 
(212° F.); if the ’water be cooler than this, the bubble is con- 
densed as it rises. 

This is what takes place when a kettle is ‘ singing ^ ; small 
bubbles of steam are formed and condensed as they rise. The 
walls of the bubble meet with a sharp impact ; the noise made 
in a ‘water hammer^ illustrates the effect of the surfaces of 
water meeting without any air to cushion them. These bubbles 
impart their heat to the water above, and the singing gradually 
ceases. When the tcnnperature of the water is equal to the 



Fig. 42. — Builiiig kettlr, 

temperature of water vapour of a pressuie eipial to that in the 
water, the bubbles of steam formed at the heating surface are no 
longer condensed, find stefim is freely gi^'en off' (Fig. 42). 

Boiling or Ebullition is the formation and discharge into 
sfitui-ated space of va])our formed in a liquid at the temperature 
of saturated vapoui* corresponding to the pressure in the liquid. 

Thus hoilhuj is distinguished from evapcmitiou^ which is the for- 
mation of vapour at the surface of a liquid when the space above 
it is not saturated. 

The Boiling Point of a liquid is the temperature of saturated 
vapour at the pressure in the liquid. 
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The description of the process of boiling water given above 
should make it clear that so long as the vapour is free to escape 
it does not increase the pressure on the liquid, the temperature 
of the liquid does not rise above the boiling point but remains 
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at that temperature until all the liquid is boiled 
away. 

AMien water or any liquid is boiling in the 
u])en air, it is the atmospheric pressure which 
is the external pressure on the liquid. It is at 
this pressure that the vapour is formed, and 
when the water is at the temperature corre- 
sponding to this pressure the vapour escapes 
freely and the liquid boils. 

Consequently the temperature at which a 
lic^uicl boils in the 023en air de])en(ls on the 
atmospheric ])ressure. 

If the pressure on thci siu'face of the li<2uid 
be I’odnced, the vajDour is formed and given 
oil* freely at a lower temperature, Le. the 
boiling point is lowered. 

Determination of Heights. — Since the 
tempei’ature of water boiling in the oj^en air 
dejjends on the atmosj^ieiic pressure, it fol- 
lows that an observation of the*. tjCmi)eraturp 
at which water boils is equivalent to a reading 
of the height of the barometer. This fact 
is made use of to c ascertain the height of 
mountains. An instrument called an IIyp- 
SOMETEK (Fig. 43) is provided for the purj3oSe. 
It is a portable vessel DD, arranged so as to 
expose a very sensitive thermometer E to 
the steam escaping from water boiling at 
atmospheric pressure. In Negretti and Zam- 


bra's instruments the spirit lamp A is protected by wire-gauze 


B, so that it will burn in the open air. The steam from the 


boiler C passes all round the thermometer E, and then forms 
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a steam jacket to the tube which contains the thermometer, 
escaping freely at G. The boiler is filled through F. 

The table of vapour pressures (Fig. 39) shows the readings of 
the barometer corresponding to the temperature of boiling water. 
The hypsometrical rule (Hydrostatics, j). 19i) gives the alti- 
tude corresponding to the reading of the barometer, on the 
assumption that a barometer at the sea-level stands at 7 GO mm. 
(29*92 in.). A combination of the two gives the altitude 
corresponding to the temperature of boiling water. The advan- 
tage of this method of ^scerDiining heights is that it is easier to 
carry thermometers than barometers on mountain expeditions, 
but the method fails in accuracy. 

Mr. Whymper, whose ‘Travels amongst the Andes ^ were 
undertaken with a scientific object, has reported very strongly 
against it. He argues that in the matter of accuracy it cannot 
be compared with a reading of a mercurial barometer. At the 
sea-level the value of a degree Fahrenheit is about 531 feet, while 
at the summit of Mt. Blanc it is about 600 ft., so that a very 
small degree of accuracy can be attained. Besides this, he 
found that the mean of boiling point observations at three stations 
above 19,000 feet showed an eiTor of 513 ft., which even led 
him to cast a doubt on the pressure tables of Kegnault. 

Cooking on Mountains. — The low temperatm es at which 
water boils under reduced pressure interferes with cooking at 
great altitudes. At a height of 18,000 ft. water mnnot be 
heated in open vessels above 180° F., and this is not hot enough 
to set the white of an egg. 

Boiling at High Pressure. — When v^ater is boiling in a closed 
vessel and the steam docs not escape freely, it exerts a pressure 
on the surface of the water. This causes increased pressure at 
the heating surface where the steam is formed and the tempera- 
ture at which it is formed is raised. From the description of 
boiling given above, it will be seen that the temperature of* boil- 
ing is raised as the pressure on the surface rises. 

A railway locomotive has safety-valves set to blow off at 
180 lbs. on the- square inch; when running, steam is rapidly 
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made and used at nearly that pressure. The engine-driver, 
when running into a station, reduces the fire and injects cold 
water, so that the pressure in the boiler is reduced perhaps to 
160 lbs., and the temperature of the water correspondingly 
lowered. When the steam is shut oft* the pressure rises and no 
steam is formed until the whole of the water in the boiler is 
raised to a temperature corresponding to 180 lbs., the blow-off 
pressure. This explains, what is sometimes puzzling, the sudden 
change from rapid formation of steam to rest in a station. 

To facilitate the discussion of steam under high pressure an 
extension of the diagram of vapour pressure is given on a re- 
duced scale and extended to 15 atmospheres (Fig. 46, p. 339). 
The water in a boiler at a pressure of 300 lbs. on the sq. in. is 
at a temperature of 414' F. The Serpollef boiler, a strong tube 
completely filled with water, is very highly heated; feed water 
is pumped in, and the expelled water flashes into steam. 

Papin’s Digester. — The high temperature of water boiling 
under high pressure is made use of practically to reduce gela- 
tinous substances, such as calves’ feet, for jellies. Strong boilers 
with safety-valves are found in some kitchens, and as they were 
introduced by M. Papin they are called after him. 

Ebullition of Brine. — Water with solid matter dissolved in 
it, e.g, brine, a mixture of salt and water, boils under atmospheric 
pressure at a higher temperature than water alone. Pure watei* 
vapour is given off at the temperature of the liquid. 

Distillation. — Evaporation is largely used to obtain liquid in 
a state of purity. If two liquids are mixed the more volatile of 
them will be vaporised first, leaving the less volatile l)ehind. 
Or if there are impurities in water, e.g, salts in solution, the 
liquid evaporates and leaves the solid matter behind. 

The former principle is used in the distillation of spirits from 
wine or fermented liquors. 

A Hide still, shown in Pig. 44, is seen in a Highland bothy. 
The big kettle on the fire contains fermented malt liquor. The 
spirit vapour is led from the kettle through the ‘ worm,’ which 
is kept cool by the cold spring water flowing over it. The 
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products of distillation, a coarse whisky, are seen dripping into 
the keg. 

The latter principle is used in the apparatus so generally fitted 
in ships for procuring fresh from sea-water. 

Normandy’s condensers and feed- water evaporators are used 
for this purpose. The steam from the main boilers, which may 
be itself greasy and impure, is used to vaporise the sea-water in 
the evaporators, the steam thus driven off is condensed as pure 
water. If the water is to be used for drinking purposes sufficient 
mineral salts should l.)e added to make it palatable, and if in 



Fig. 44.— Illicit still. 

addition it be made to absorb some air and be thoroughly cooled, 
it is far better than water from the shore which has been kept in 
tanks. 

Latent Heat of Evaporation. — If a flask of water be boiling 
over a flame it takes some time to boil away. The heat which 
is continually being applied to it must go somewhere, for it does 
not raise the temperature of the water, as this remains continually 
at the boiling point. 

If there be six other flasks, each containing the same amount 
of water, and all at the temperature of the room, 16° 0. (62° F.), 
they may each in turn T>c raised to the boiling point, 100° C. 
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(212® F.), over a similar flame, white the waoer.in the original 
flask is being boiled away ; that is to say, six equal quantities of 
water can be raised through 84® C. or 150® F. by the application 
of a quantity of heat which causes an equal (quantity at 100® C. 
to evaporate. 

From this experiment, which is of course a very rough one, 
it may be gathered that about 500® C. and 900® F. heat units 
disappear in changing water at the boiling point into steam at 
the same temperature. The heat which is applied to liquid at 
the boiling point to change it into vapour is called the Latent 
Heat of Evaporation. 

Total Heat of Evaporation. — It is sometimes convenient to 
know the amount of heat which must be added to a liquid at the 
freezing point in order to evaporate it, and this is called the 
TotJil Heat of Evaporation. 

It is the sum of the sensible heat which Vaises the tempera- 
ture of the liquid, and the latent heat of vaporisation which does 
work in causing the liquid to change its stfite. 

There is work done in evaporating a liquid which is not 
internal work, though it is almost always included in the latent 
heat. Saturated vapour at any given pressure occupies a much 
larger space than liquid, and in the act of evaporating it must 
have done external work against this pressure. 

Determination of Latent Heat of steam at atmospheric 
pressure — Calorimeter rnethod . — The steam from water boiling in 
a retort is led through a helical pipe called a ‘ worm,’ terminating 
in a reservoir C. The worm is placed in a calorimeter (Fig. 45) and 
surrounded by water, so that the steam is condensed and the water 
warmed ; a stirrer S and theimomcter are provided to ensure all 
the water being at a uniform temperature and to register it. If 
a certain quantity of water be evaporated, and the quantity of 
water in the calorimeter and its rise of temperature be known, 
the latent heat of steam can be computed. 

The end of the worm is open to the air, through the pipe P, 
so the steam must be at atmospheric pressure ; the condensed 
water collected in the reservoir C is drawn off and weighed. 
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Precautions must be taken that no heat be conveyed directly 
from the lamp to the calorimeter ; also that no water be carried 
with the steam into the worm owing to violent ebullition. 

Details of an actual experiment will serve to show the 
process of determination. 


Weight of calorimeter empty 
„ ,, full . 

, , water 

Temperature of water 
Water equivalent of calorimeter 


319 grammes. 
11G5 
846 

17° C. (62° F.). 
30 gr. 



Fig. 46. — Steam calorimeter. 


Steam is now passed through the calorimeter ; a thermometer 
in the retort checks the temperature of the steam given 9ff as 
100° C. 

After some time the experiment is stopped. 


Amount of water condensed . . . 10 gr. 

Temperature of calorimeter . . , 24° C. (75° F.). 

Rise of temperature . . . . 7° C. (13° F.). 

Amount of water raised 7° C. including 

calorimeter . . . . 876 gr. 

Number of heat units gained by water and 

calorimeter .... 6132 C. ; 11388 F. 

Z 
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Amount of sensible heat lost by 10 gr. of 

steam condensed and cooled to 24° C. . 760 C. ; 1370 F. 

Amount of heat not accounted for above, given 

up by 10 gr. of steam wlien condensed . 5372 C. ; 10018 F. 

Latent heat of steam .... 587*2 C. ; 1001*8 F. 

Lecture-room apparatus cannot be expected to give accurate 
results, and the value deduced may be expected only to be 
approximate. The latent heat of steam at standard atmospheric 
pressure is 523*6 C. (966 F.). 

With this apparatus the latent heat of steam at atmospheric 
pressure alone can be obtained. 

Latent Heat of Steam at Various Pressures. — The latent 
heat of steam is different at different })rcssures ; its value under 
varying pressures and temperatures was obtained by Regnault 
by means of suitable apparatus. A diagiam sliowing the results 
which he obtained is given in Fig. 46. 

The practice in the use of diagonal scales afforded above 
should enable any one to read off the various values accuratel 3 \ 
In this diagram are given — the pressure of steam ; the specific 
volume of steam ; the total heat and latent heat of steam 
at various pressures and temperatures from 0^ 0. to 200"' C. 
Their values can be taken off in various units, and thus four pages 
at least of closely printed figures arc avoided. 

The words Lv\tknt Hkat do not appear, as they might cause 
confusion. The vertical distance between the curves of sensible 
heat and total heat gives the latent heat at the temperature 
given at the head of the figure. 

There is a dotted line above the sensible heat line — the 
vertical distance l^etwcen this and the sensible heat line is the 
work done by the vapour in expanding against the pressui’e at 
that temperature, and between the dotted line and total heat the 
molecular work done in the change of state — the true latent 
heat. 

Cooling by Evaporation. — Whenever any portion of a liquid 
evaporates, some heat must become latent. This may be supplied 
from outside, as when damp linen is dried before a fii'e. When 
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Fig. 40 . —Latent heat, pressure, and volume diagram. 
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sufficient heat is not supplied, some of the sensible heat in 
the neighbourhood is taken and the temperature of surrounding 
objects is lowered ; as for example when eau-de-Cologne is used 
to cool the forehead. 

Liquid evaporates into unsaturated space; and whatever causes 
rapid evaporation causes cooling. 

1 . Volatile liquids evaporate more quickly^ than others in the 
same circumstances. Alcohol or ether produce a sensation of cold 
when placed on the skin ; their use for the purpose of cooling 
will be referred to below. 

2. JVarmih increases eim/poraiimi and may cause cooling. 
Heated air will hold more moisture than cold air, and consequently 
evaporation proceeds more rapidly into hot air, while the heat 
rendered latent may not be wholly supplied l>y the air, and 
cooling may ensue. 

In hot countries water is put into a porous jar or alcarraza ; 
the water exudes from the surface and evaporates, and the lyater 
inside is cooled. 

Damp clothes have a chilling effect on tlic skin ; the evapora- 
tion reduces the temperature of the body in a dangerous 
manner. 

3. TVimi increases evaporation , — The layer of air nearest to 
water or a wot substance is very speedily saturated with water 
vapour. If no motion takes place in the air and the saturated 
layer remains next the water there is no further evaporation ] a 
current of air removes the saturated layer and further evaporation 
j>roceeds into the dry air. 

Causes 2 and 3 explain the way in which clothes are dried 
before a fire or in a wind. It is most essential in a drying room 
to provide for a steady current of air ensuring the entrance of 
fresh air and the exit of damp air ; for if the room were filled 
with saturated air no further drying would go on at that 
temperature. Heat is advantageous, but a current of air is 
more so. 

The action of a current of air explains the danger caused by 
‘a draught.' The draughty air may be no cooler than that of 
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the room, it may even be hotter, but playing upon the skin it 
induces rapid evaporation of the bodily moisture ; the tempera- 
ture of the body is lowered and ‘ a cold is caught.’ 

A striking experiment illustrates this. Some water is placed 
ill a wooden saucer, as that does not allow heat to pass easily 
through it to the water. A thin copper saucer is floated on the 
water and some ether is put in it. The ether is blown with a 
bellows. Evaporation of the ether proceeds rapidly because the 
air is removed before it becomes saturated with vapour. The 
evaporating ether removes sensible heat from the water through 
the copper so rapidly that the water is frozen. 

4. Decrease of pressure increases evaporation, — Evaporation 
fi’om the surface of a liquid is rendered more rapid by reducing 
the pressure on it. This is due to two distinct causes. First, 



Fig. 47.— Ciyoi)liorus. 


evaporation in a vacuum, such as that in a barometer tube, is 
almost instantaneous, and if in the presence of its vapour only 
liquid evaporates very rapidly until the vapour is at saturation 
pressure. If the vapour pressure be diminished evaporation is 
more rapid. The second cause is the action of the air in retard- 
ing the diffusion of vapour. * The layev of air next to a liquid 
surface is always in a state of saturation ; but ’the air acts as a 
check on the spread of the vapour, and it has to ‘ diffuse itself 
through the air by a kind of percolation ’ (Clerk-Maxwell). If 
the density of the air be reduced, the evaporation proceeds more 
rapidly. 

The first of these causes can be shown by two experiments. 

The Cryophorus. — Two glass bulbs are connected by a 
glass tube (Fig. 47). One of the bulbs is half filled with water, 
and before the apparatus is sealed the water is boiled in it, so 
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that all the air is expelled and nothing but water vapour is left 
in the tube and the empty bulb. The whole instrument being 
cool the bulb with the water in it is wrapped in cotton wool to 
protect it from any access of heat, and the empty bulb is ])lunged 
into a freezing mixture. The vapour in it is condensed, the 
pressure on the water reduced, and evaporation jiroceeds rapidly 
in the other bulb. For the production of ^'aponr sensible heat 
is taken from the water and rendered latent, so that the water is 
cooled and ice appears in it. Freezing 
is carried out on a large scale by the 
‘ aninionia process.’ AVatei* absorlis 7 00 
times its volume of ammonia gas ; when 
this is given off a fall of temperature 
follows as above. 

Water is boiled in a strong flask 
over a spirit lamp, and when little lielow 
the boiling point the hask is corked, and 
held inverted as shown in Fig. 48. 

A sponge full of cold water is 
s(|ueczed over the upturned bottom of 
the flask ; immediately bubbles of steam 
are given ofl‘ freely ; in fact, the water 
seems to boil because it is cooled. 
What really occurs is that the vapour 
in the flask is condensed, and the 
vapour pressure being diminished the boiling point is lowered 
and evaporation is very rapid. 

In his experiments on liquid air (1894) Professor Dewar 
used the rapid evaporation of cthelyne for the production of a 
temperature of — 200'^ C. Before his introduction of the vacuum 
jacketed reservoir liquid oxygen had been showri in a lecture room 
kept at a low temperature by its own evaporation at the atmo- 
spheric pressure. 

The second cause of rapid evaporation by decrease of pressure 
is shown by placing a beaker of water at 90° C. under the 
receiver of an air-pump. The water evaporates rapidly and 



Fig. 48. — lltidiU'UuJi ul’ pi’cssurc. 
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appears to boil as the pressure is removed by a few strokes of 
the pump. The air which checks the diffusion of the vapour 
is rarefied and the vapour pressure is also diminished by. 
removal of vapour. 

Hysteresis {Hesitation ). — A liipiid may be reduced below the 
freezing point, but if no movement takes place it does not 
solidify. It. seems as though all parts of the liquid having an 
equal right to freeze, no part can take the had by parting with 
its latent heat to another. 

Distilled water in a test tube is surrounded l)y water to 
which a freezing mixture is carefully added so as to i*educc the 
temperature slowly without causing motion in the test tube. 
If a thermometer be now plunged into the test tube it may 
indicate a temperature as low as 25'" F. ( - 4"’ C.) without freezing 
having taken place. But immediately the thermometer enters 
ice -crystals arc seen to form like spikes, protruding from the 
l)ulb of the thermometei*. The water freezes and the tempera- 
ture rises ; the latent heat given up by the water as it freezes 
becomes sensible, raising the temperature of the rest. 

The same hesitation occurs in the change of state from 
liquid to gas. If pure water, which has been previously boiled 
to free it from air, is placed in a clean smooth vessel, and 
heated slowly in a sand bath, it may ho i*aised to 110^ C. without 
boiling. Then some of it vaporises with explosive violence, 
and the temperature is reduced to lOO'’ C., because sensible heat 
is rendered latent. This occurs at intervals, if heat is continually 
a})plied, and is called ‘ Ixfiling with buiiiping.^ In the course 
of experiments water has been raised to 135'' C. without boiling ; 
when, on the sudden outburst of steam, the temperature was 
lowered to the boiling point. 

An instance of the same kind of hesitation is seen in the 
condensation of vapour. A vapour can be reduced below the 
temperature at winch it is saturated. Unless there be some 
points on which it can settle, no part of it seems able to con- 
dense first, and it is then ‘ supersaturated.’ 

Mr. Aitken’s experiments on fogs and clouds have shown 
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that in a fog each spherule of water has been formed round some 
solid nucleus. 

Spheroidal State. — If a drop of water is let fall on a red- 
hot iron plate, it is not at once turned to steam, but runs about 
the plate in a spheroidal form. If the water were really in 
contact with the iron it would be vaporised at once ; but the 
drop is surrounded with a shell of vapour which forms a non- 
conducting envelope and prevents the heat of the plate from 
reaching the drop. 

In proof of this, a light which is on the further side can be 
seen between the drop and the plate, showing that they are not 
in contact. 

A strong copper vessel is heated to redness over a spirit or 
Bunsen flame and a little water is put in it. The water assuming 
the spheroidal state is not vaporised. But as the vessel cools 
the water touches the copper arid instantly flics off in vapour 
explosively ; this apparatus is often used to illustrate boiler 
explosions. 



CHAPTEE IX 

Hygrometry and the AVeather 

Amount of Water Vapour in Air — Humidity of the Air — Drying 
Power of tlie Air — Relative Humidity — Pressure of AVater Vapour 
in Air — Dew Point — Hygrometry — Hygrometers — Hygroscopes — V aria- 
tion in Amount of Vapour — Different Altitudes — Dew — Clouds — Snow, 
Hail, and Rain — Rain Gauge — Weather Indications. 

The weather often affords a topic of conversation in our 
variable climate because of the way in which its changes 
influence our life. The warmth or cold, the dryness or damp- 
ness of the atmosphere affect our feelings and our health so 
much that they attract our attention. And when we find that 
these conditions of the atmosphere also affect the weather, the 
subject of Hygrometry becomes doubly interesting ; for Hygro- 
rnetry {vypos, damp) is the science tvhich deals mth the dampness of 
the air. 

That there is always a considerable amount of water vapour 
in the open air is shown by the simplest experiments. The 
moisture condensed on a tumbler of cold water is evidence that 
there is water in the air which cannot be seen. If a saucer 
containing sulphuric acid be left open to the air, it increases in 
weight, having imbibed water from the air. Sulphuric acid in 
common with some other substances has the property of com- 
bining readily with water. 

. Amount of Water Vapour in the Air. — Sulphuric acid and 
calcium chloride having this property of absorbing water can be 
used to remove all the water from air which is near them. 
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Tubes D filled with calcium chloride (Fig. 49) or pumice soaked 
ill sulphuric acid are called ‘ drying tubes/ — three difterent kinds 
are shown ; if air be drawn through them they are found to 
increase in weight liecause they remove all the ivater from the 
air. The volume of air drawn through the tubes is measured 
by using an ‘ aspirator ’ A. This is a vessel of known volume 
filled with water ; when a tap at the bottom is opened the 
water flows out, drawing in the air through a tulie at the top. 
If a known volume of air be drawn through a set of drying 
tubes the increase in weight of the tubes gives the amount of 
moisture in the form of vapour contained in that volume of air. 

Humidity of the Air. — The density of the water i apour in 



the air is called the Humidity of the Air: it varies from 1 grain 
per cub. ft. on a cold dry day to 10 grains 2 )er cul>. ft. on a day 
of tropical heat and dampness. 

the density of saturated vapour varies with the temperature, 
and is given by the curve of Specific Volume in the diagram of 
vapour pressures (Fig. 46). The ordinates of this curve give the 
numerical values detejrmined by Regnault. For example, at a 
temperature of 15° C. (59° F.) a lb. of water vapour occupies 
1284 cub. ft., hence a cub. ft. of vapour weighs 5*5 grains; the 
vapour exerts a pressure supporting *518 inches of mercury. 

Drying Power of the Air, — As water evaporates so long as 
the space above it is not saturated, the drying power of the air 
is measured by the weight of water vapour which will bring a 
cubic foot of air up to saturation at that temperature. This is 
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evidently the difference between the density of the vapour 
present in the air and the density of saturated vapour at that 
temperature. 

Relative Humidity. — It is a common lemark to make, ‘ the 
air is very dry,’ when water evaporates freely, and in cons(;(pience 
wet clothing dries I’apidly ; or we say, ‘the air is Aciy damp’ 
when wet things diy slowly or not at all. W e call the air ‘ dry ’ 
when it is far from satiu'ation, and ‘ damp ’ when it is nearly 
saturated. The i*elative humidity is the ratio of the density of 
the vapour in the air to the density (»f satimatcd vapour. 

The relative humidity and the drying power of the* air are 
numerical estimates of what our s(mses feel as the dampness and 
dryness of the air. 

Pressure of Water Vapour in the Air. — The water v apour 
in the air exerts a prcssui*e Avhich depends on its quantity and 
on the temperature. It was one of Dalton’s early conclusions 
that the pressure of a mixture of gases is the sum of the pressures 
which they would exert sepai’ately, if alone in the space. The 
pressure of the water* vairoui* can l)e considered separately, as if 
the atmosphei'(i consisted of the Avatei* vapour alone. 

At a gi\ cn temperature the pressure of water vapour has a 
certain maximum value, given by Kegnault’s Tables (p. 323). 
When the va})our in the air is at this temperature aird exerts 
this pressure its density has a cci’Uin value, also given in the 
Tables as descril)ed aboA^e ; this is the greatest quantity of Avater 
Avhich can exist in the air in tire foi*m of A’a]}Oiu’ ; the air is then 
‘ saturated.’ 

If the air become Avarmei* and tin; Aapour ])icssure I'emain 
the same the A^apour expands and becomes less dense ; the same 
occurs if the temperatui’e remain the same and the vapour 
pressure decrease. In either case the amount of water vapour 
in the cubic foot is decreased, and the air becomes ‘ unsaturated.’ 
The vapour pressure is then not the maximum for that tempera- 
ture, or in other words it is the maximum pressure for a 
temperature beloAv that of the air. 

Considering more particularly the experiment with Avhich 
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Chap. VIL began; let the temperature of the room be 72® F. 
(22° C.) and the vapour pressure in the room support *537 in. 
(13’54r mm.) of mercury. This is the maximum pressure of 
vapour at a temperature of 61° F. (16° C.), and the density of 
such vapour is 5 ‘9 7 grains per cub. ft. Water cannot exist as 
vapour of this pressure and density at any temperature T)elow 
61° F. 

Suppose the temperature of the water in the tumbler to be 
50° F. (10° C.), the layer of air nearest to the tumbler is cooled 
to that point, and as vapour at that temperature cannot have a 
density of more than 4*24 gr. per cul>. ft., some vapour is con- 
densed on the glass in the form of ‘ Dew.^ The natural pheno- 
menon of dew will be more fully described later on. 

The Dew Point is the temperature at which dew is formed. 
To the pressiu’e of the water vapour in the air at any time 
corresponds a temperature given in Kegnault^s Tables. Water 
cannot exist as vapour, when exposed to this pressui’e, if it 
be below this temperature, and dew must be deposited on any 
body exposed to this vapour pressure if it be at all below this 
temperature. 

In the glass of water experiment, 61° F. (16° C.) is the dew 
point, being the temperature corresponding to the vapour pres- 
sure *537 in. (13*54 mm.). So long as the tuml)lcr is below this 
temperature moisture stands on it ; but the condensing vapour 
imparts its latent heat to this moisture, and the tumbler is 
warmed by this and by the air of the room. It gradually 
reaches 61° F. and the condensation *ceases ; then as it is warmed 
still further by the air, the moisture is evaporated and the 
tumbler becomes perfectly dry outside. 

The dew point depends on the prevalent pressure of water 
vapour alone. 

Hygrometers are instruments for determining the humidity 
of the air, that is, the density of tlje vapour contained in it. 

The drying tubes and aspirator described on p. 346 are 
used to determine the density of the water vapour in the air, 
and therefore constitute a hygrometer. But the observation is 
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cumbrous ; hence Ampler modes of determination are desirable. 

Several hygrometers depend on the observation of the dew 
point, for example : — 

Danielles Hygrometer acts* in the same way as the Cryo- 
phorus (p. 341), only it contains 
ether instead of water. It consists of 
two bulbs joined by a tube ; the lower 
bulb (Fig. 50) is half full of ether and 
the air has been expelled by boiling, 
so that the other bulb and the tube 
contain only ether vapour. The ether 
bulb is blackened ; in the figure some 
of the black is omitted so as to show 
the thermometer bulb which is in the 
ether. The empty bulb has a thin 
pad of cotton -wool over it; ether 
poured on this falls over the bulb and 
evaporates rapidly. The ether vapour in the bulb is condensed 
and the pressure on the ether being reduced, evaporation pro- 
ceeds rapidly in the ether bulb, which becomes cooler, as may 
be seen by the fall of the thermometer in it. 

At the dew point a dimness, caused by a deposit of dew, 
appears on the ether bulb. When the bulb is seen to become 
dull, the thermometer is read and the cooling process is stopped. 
The surrounding air warms the ether bulb and the dew dis- 
appears again from it, when the thermometer is read again* The 
mean of the temperatures 1;)ius read is the dew point. 

Care must be taken not to breathe on the bulb nor to allow 
any part of the body to remain near it, as the moisture in the air 
is thereby increased locally. 

Eegnault's Hygrometer. — A tube of highly polished silver, 
closed at the bottom like a test tube, is filled with ether. Air 
is blown into the ether, which evaporates and cools rapidly ; a 
thermometer whose bulb is in the other shows its temperature. 

The ether is cooled until dew is deposited on the silver, when 
the thermometer is read. Cooling is then stopped, and another 



Fig. .00.— Danioll’iS hygrometer. 
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reading taken when the dew disappears. The mean of the 
readings of the thermometer is the dew point. 

Wet and Dry Bulb Thermometers. — Two thermometers 
are placed side by side. One of them determines the temperature 
of tlie air. The bulb of the other is covered with muslin, which 
is kept damp by a loose lamp wick conveying water by capillary 
attraction from a small reservoir (Fig. f>l). 

The cotton wick should be fre- 
quently changed or cleansed with caustic 
potash; at an ol)serving station, rain 
water from the rain gauge is con- 
veniently kept for filling the reservoir. 

Moisture evaporates from the muslin 
more or less quickly according to the 
drying power of the air. If the air is 
saturated, no evaporation takes place 
and the readings of the two thermo- 
meters are the same. If the drying 
power* of the air is large, evaporation 
proceeds rapidly and the tvet bulb is 
cooled to a temperature considerably 
below that of the dry bulb. 

From the comprehensive diagram 
(Fig. 52), the dew point and relative 
humidity can be taken off* for any read- 
ings of the wet and dry bulb thermo- 
meters betw^een 32° F. (0° C.) and 95° F., 
(35 a). 

For instance, the temperature of the air shown by the dry 
bulb thermometer (Fig. 51) is 71° F., and the reading of the wet 
bulb thermometer is 52° F., the difference of the two being 19°. 
This is evidently a very dry day in summer. 

Take 71 on the vertical temperature scale and draw a 
horizontal line through it to meet a vertical line through 19 on 
the horizontal difference -scale in the point X. This point is 
between the dew point gradients 35 and 40, and shows the dew 



Fig. 61. 

Wet and dry bulb thermometer.^, 




Fig.52.— DEW POINT AND RELATIVE HUMIDITY DIAGRAM 
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point to be 37°: X is just outside the humidity gradient 30, 
indicating the relative humidity as 29. 

Thus the dew point and relative humidity corresponding 
to any reading of the wet and dry bulbs can be seen at a glance, 
or taken as accurately as desired, from the diagram. 

Hygrometry. — On the temperature and relative humidity of 
the air depends to a great extent our bodily comfort. The feel- 
ing both of heat and cold is accentuated by an excess of mqisture 
in the air. The brisk feeling in dry mountain air and the 
lassitude felt in the damp atmosphere of Colombo or Singapore 
do not depend only on the temperature of the air. 

Besides this, the probability of rain coming in a short time 
is increased if the air is near the point of saturation. 

Hence the amount of water vapour in the air is a matter of 
great moment to those who take an intelligent interest in the 
weather. This information regarding the atmosphere on the 
preceding day is given daily in the Times. The following table 
appeared in the issue of October 2nd, 1907, showing the 

Temperature and Hygrometric Condition of the Air 
IN London (Westminster) from Headings of the Dry 
AND Wet Bulb Thermometers. (Observations sup- 
plied BY the Meteorological Office.) 


Tuesday, October 1, 


Time. 

Temperature. 

Pressure 
of . 
Vapour. 

« 

Relative 
Humidity 
(Matura- 
tion =100) 

Weight of 
Vapour 
in JO 

cubic fent 
of Air. 

Drying 
Power of 
Air (per 
10 cubic 
feet). 

Air. 

Dew 

Point. 

Dry 

Buib. 

Wet 

Bulb. 


Deg. 

Deg. 

Deg. 

Inch. 

Per cent. 

Grains. 

Grains. 

8 A.M. 

60-2 

58 •] 

56*2 

•453 

88 

51 

7 

2 P.M. 

63-3 

58*2 

54*0 

•417 

71 

46 

18 

6 P.M. 

61 *0 

59 0 

57*3 

•470 

88 

52 

8 


Min. temperature, 58 deg. Max. temperature, 68 deg. 


Here the features of the atmosphere which we have been con- 
sidering are given at three different times of the day. 

It will be useful to the reader to refer to the humidity 
diagram on p. 351, to mark on it the readings given here, and 
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to deduce independently from the diagram the dew point and 
relative humidity. This will give confidence in the use of 
that diagram to interpret the readings of the wet and dry bulb 
thermometers. 

At 2 p.m., the dew point being 54° F., reference to the lower 
Table on p. 323 (Fig. 39) gives the saturated vapour pressure 
as *417 in. at that temperature. Ten cubic feet of saturated air 
at that temperature contains about 47 grains of water vapour. 

The pressure remaining the same, a cubic foot of saturated 
vapour at 54° F. raised to 63*3° F. expands in accordance with 
Charles’s or Dalton’s law, being no longer saturated ('002 of its 
volume per degree), *019 for the 9*3 degrees. Expanding in the 
ratio of 100 to 102, the vapour in 10 cubic feet is reduced from 
47 to 46 grains. 

Now a cul)ic foot of saturated air at 63° F. contains 64 grs. 
of water, hence 10 culnc feet of air which only contains 46 grs. 
are capable of imbibing an additional 18 grs. of water, and this 
is called the ‘ Dryiiig Power of the Air.’ 

The ratio of the density of vapour in the air at 2 p.m. to 
that of saturated vapour at the temperature is as 46 to 64, or as 
71 to 100, the lielative Humidity is 71. (Saturation = 100.) 

The conditions at 6 p.m. were significant : the temperature 
fell slightly and the access of moisture led to rain. This 
October day presents some unusual features : there was little 
change of temperature, the morning was warm and very damp ; 
and whereas it is usually the driest time of the day, in this case 
the air was much drier at 2^ P.M. 

This is a good instance of the difficulty of predicting weather ; 
there was nothing to suggest at 2 p.m. it would be a wet evening. 

One other dew point hygrometer deserves to be described : — 

Dines’ Hygrometer. — In this instrument water (cooled by 
ice if necessary) flows under a very thin piece of blackened 
glass, and a thermometer is placed with its bulb in the water 
close under the glass ; the flow of water is regulated by a tap. 
The glass is slowly cooled until dew appears on it ; the flow of 
water is stopped and the temperature of the glass allowed to 

2 A 
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rise. The thermometer is read on the appearance and disappear- 
ance of the dew ; the mean of the. readings is the dew point. 

Mr. Glaisher expresses the opinion, after his long experience, 
that the results obtained with the wet and dry bulb thermometers 
are as much to be relied on as those observed by DanielTs and 
Eegnault^s hygrometers. This being so, the advantages of 
having the instrument always in action and of water alone being 
required make it far superior to them. 

Hygroseopes indicate in a general way the relative humidity 
or drying power of the air. 

Hygroseopes depend for their indications of the presence of 
water vapour on the behaviour of what are called ‘ hygroscopic 
substances.’ Pibres, whether vegetable or animal, and some salts 
absorb moisture. Seaweed, being impregnated with sea-salt, 
imbibes the moisture of the air and becomes flal)l)y and soft in 
damp weather ; in diy weather it is hard and stiff. A piece of 
seaweed is often hung up in an entrance hall to sei've as a guide 
to the weather ; it tells whether the air is near to or far from 
the point of saturation and in that way ik'ophcsies of rain or 
fine weather. 

When the salt in the salt cellars on the table becomes very 
moist, it shows that the air is nearly saturated. 

When a fibre absorbs moisture it increases in volume ; the 
fibres of twisted catgut swell in a damp atmosphere, so that it 
untwists. In the old Vwcather- house ’ an arm carrying two 
figures is suspended by catgut ; when the air is damp, the cat- 
gut untwists and an old man with his umbrella comes out of his 
door ; when drier, it twists up again and his old wife appears at 
the other with hei’ i)arasol. 

De Saussuke’s Hygroscope, an early form, consists of a 
human hair fastened to a lever moving an index ; the hair be- 
comes longer as it imbibes moisture, and shorter as it dries. 

Variation in Amount of Vapour in the Air. — The changes 
in the amount of vapour in the air on a summer’s day may be 
described somewhat as follows. After sunrise the sun’s rays 
pass easily through the dry morning air, heat the ground and 
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cause evaporation. The temperature rises and the moisture in 
the air increases until about 9 A.M., when the convection currents 
from the heated ground begin to carry the vapour upwards, so 
that though more vapour is formed there is actually less present 
in the lower layers. A summer day often clouds over for a 
short time about noon because of the large amount of moisture 
which rises. About four in the afternoon the rising currents 
])Cgin to cease, and the vapour in the lower air increases again ; 
and this increase goes on until perhaps nine r.M., when the fall- 
ing temperature puts an* end to further evaporation. In winter 
what occurs is somewhat different, a maximum density of 
vapour is reached about two P.M., and a minimum at sunrise. 
Still, owing to the low temperature at sunrise, the ‘relative 
humidity ’ is perhaj^s greater then than at any other time of the 
day. 

Amount of Vapour at different Altitudes. — To secure 
uniformity at various observing stations it is arranged that ther- 
mometers, etc., shall be placed about 4 ft. from the ground. The 
dew point thus observed shows the vapour pressure at that 
height. But the change of vapour pressure is very rapid near 
the ground, and the amount of vapour at a height of 4 ft. may 
be only one-fourth of tliat on the surface. 

“ The vapour decreases gradually as we ascend in the air, 
there is no increase. Its amount bears the same proportion 
to its quantity at the sea -level that the saturated vapour 
pressure at the temperature bears to the saturated pressure at 
the temperature at the s^a- level” (General Strachey, PML 
Trans., 1861). 

Modern observations of the upper air by means of kites 
(p. 360) do not bear this out altogether; but in the main, no 
doubt, it is true. 

Dew. — The natural formation of dew takes place in the 
same way as the condensation on a cool tumbler or on a hygro- 
meter. At night the earth which ^ has been warmed by the sun 
loses heat by radiation. The grass and herbage, hairs of 
wool, etc., radiate heat quickly, and as they stand apart from 
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the main body of the earth they aT*e not heated by it; so 
they become very cool, and cooling the air near them below 
its saturation temperature receive the deposit of water which 
is called DeAV. 

The formation of dew depends on the moisture of the lower 
air and the rapidity with which radiation takes place. For 
example, a clear dry night is favourable to radiation, while 
moisture obstructs it ; a still night permits the cooling of the air, 
while a wind removes the lower laj^ers before they are cooled, 
and does not allow sufficient time for the deposit of moisture. 
Consequently the formation of dew is greatest on a clear and still 
night, and the deposit varies much on different substances as 
well as in exposed or shaded positions. 

It is not surprising that very varying estimates are made of 
the amount of dew formed in a year. Dalton estimated it as a 
layer 5 in. thick, Mr. Dines at 1*5 in. In tropical forests 
where very warm and damp air is rapidly cooled by the tops of 
the trees, as they cool rapidly by radiation, dew' falls like a 
shower of rain. 

Hoar-Frost is frozen dew; when bodies on which the 
dew is deposited are below the freezing 2)oint, the moisture 
forms on them in fine cryskds, the shapi^s of which are of 
extreme beauty. 

A Claze Frost is one of the most curious of natural 
phenomena, and it is seldom seen. It seems to be due to the 
fall of rain which is cooled below the fi*eezing point, but which 
has not frozen; this possibility has ]>een refei*red to on p. 343. 
When the drops touch anything they freeze immediately, so that 
nature is buried in a shroud of ice. 

Clouds. — When the va 2 )our in the air is condensed, not 
through contact with cold bodies, but through the cooling of a 
mass of vapour-laden air, then a cloud is formed. A cloud con- 
sists of fine droplets of water; if it be near the ground it is 
called a mist or fog. It would at the outset seem impossible to 
classify or account for the myriad forms of the clouds, and Pro- 
fessor Kuskin in his Modern Painters laments the hopelessness 
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of the task. Blit when we come to observe and Avatch them 
closely, two main types of cloud-form assert themselves : those 
which appear in billowy, well-defined shapes, and those which 
spread over the heavens in a layer, thick or thin, partial or 
complete. 

The former of these is called Cumulus (a heap), the latter 
Stratus (a layer); these names are due to Luke Howard (1802), 
and have been used by all cloud observers since his time. He 
employed two additional names — Cirrus (a curl), to describe the 
light fleecy forms of the highest clouds, in reality a form of 
stratus ; and Niinlms (a rain cloud), to denote the heavy storm- 
cloud, Avhich is a form of cumulus. Other composite names 
were interpolated lie tween these, — cirro-stratus, strato-cumulus, 
etc. No general cloud nomenclature has yet been agreed 
upon, though a forward step has ])een taken in the Inter- 
nutioml Cloud Atlas, The illustrations are lent by Captain 
I). Wilson-Barkcr, of H.M.S. JForcesfer, A sailor has the best 
opportunities of watching the clouds ; and as the wind and 
weather are of the greatest importance to him, and clouds are 
the best weathci’ prophets, it is to the sailor rather than to the 
landsman that we should look for the classification of the clouds. 
Captain Barker advocates division into the two main types, 
stratus and cumulus alone, at any rate at first ‘as these lend 
themselves more or less to simple explanation as to their physical 
formation.' 

CumuTjUS. — It was remarked (p. 326) that clouds are 
formed as the moisture eraporated by the sun streams into the 
upper air. Vapour rises from the earth in conveclion currents, 
which are set up as the expanded air rises from the heated soil. 
Vapour also spreads upwards in the air by diffusion, a slower 
process, but one whiijh is continually going on. As vapour rises 
its pressure diminishes and it expands ; receiving no access of 
heat, it cools, thus some of it may condense and take the form 
of cloud. This ‘ adiabatic ' expansion of rising columns of water- 
vapour is the cause of the large class of clouds known by the 
generic title of Cumulus. Tyndall describes this by saying 



358 


HEAT 


CHAP. 


that ‘ the visi])le cloud forms the capital of an invisible pillar of 
saturated air/ Besides this cooling by expansion, the upper 
surface of a vapour column must radiate heat into space, and so 
cool and condense ; this also tends to preserve the form of the 
cloud by preventing evaporation. Clouds of the cumulus type 
take many different shapes, of which two illustrations are 
given — the fine weather cumulus (Fig. 53), taken over the 
Island of Corvo, and the thunder-cloud (Fig. 54), showing the 
yacht Britavnia. Though their shapes vary very much, the 



Fig. 58.— Cumulus— fine weather. 


type is clearly marked, and cumulus clouds seem to bear their 
history and origin on their features. They are due to local 
conditions ; streams of vapour rising in one locality are con- 
densed locally, and cumulus appears when the movements of 
the air are baffling and unsettled. 

Stratus. — Clouds of this tyj)c often spread over the heavens 
like a pall. To draw an east-wind stratus would not require 
much artistic talent ; a patch of gray paper would do very well 
to represent it. Sometimes, when a cloud of the layer type 
breaks, the blue sky flecked with bi'ight patches of cirrus is 
seen through it, and we realise how low and thin this layer 
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isJ Oil the other hand, these layers arc sometimes very high 
indeed, some cirrus being estimated at 1.0,000 yards (9000 
metres) high. 

When south-west winds, laden with moisture, drive up under 
an upper current of cooler air which condenses part of the 
vapour, the result is a thick stratus with drenching rain. 



Fi g. 54. — Cimuilus — thund er-olouil. 


Observations of the clouds and of the upper atmosphere by 
means of kites are systematically carried out under the Weather 
Meteorological Bureau of the United States. This method 
provides a great deal of useful information bearing on the forma- 

^ “This is a sign of cliange from settled to unsettled weather ; the lower 
stratus will probably disap})ear, also at times the cirrus. The sky may be 
<initc clear for some, time, then cirrus will be observed forming again in 
parallel lines, or from a radiant point” (Captain Wilson -Barker). 
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tion of clouds. Mr. Clayton writes to Nature from Blue Hill, 
summing up the experience of such observations : Stratus is 
formed by the mingling of a cold lower current with a warmer 
damp current overflowing it. The stratus is caused by the con- 
densation of the lower plane of the upper current. A thermo- 
graph carried by a kite through such a cloud shows a rise of 
temperature and humidity as the instrument enters and passes 
through the stratus. This rise of temperatui*e is not shown 
when the thermograph is lifted into cumulus or nimbus 
clouds. 



Fig. ,05. — Stratus- in waves. 


We are very familiar with the *Avaves formed in water by 
the wind blowing over the sea, and can well understand the con- 
clusion of Helmholtz that one current of air blowing over 
another will raise waves in precisely the same Avay, though of 
different dimensions. In certain circumstanccis the crests or 
hollows of these waves alone will be condensed as cloud ; thus 
the well-known appearance of a mackerel sky (Big. 55) will be 
produced. If now another current ])ass over these waves in a 
different direction, forming waves crossing the others, the sky 
Avill be covered with a regular network of rhomboid forms, 
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sometimes of extreme beauty. But such clouds are the certain 
precursors of stormy weather and heavy gales. 

Extremely small portions of these waves may be condensed 
and so become visible in the wisp-like forms of cirrus ; but from 
what has been said it may be seen that they are really small 
portions of stratus. They are no doubt composed of ice-needles, 
and when completely covering the sky cause the halo rings 
sometimes seen round the moon or sun. The cloud shapes, if 
watched by an experienced eye, show whether the vaf)Our is con- 
densing or cloud evaporating ; fine wisps of cirrus often indicate 
the beginnings of atmospheric movements, and seem to grow 
gradually downwards into storm clouds. 

Stratus clouds are connected with anti-cyclonic areas, and it 
has been noticed that they arc to be found in the south-western 
quadrant of the anti-cyclone ; the formation of the true stratus 
is connected with a steady motion of the atmosphere. 

It is very different when a rising column of air carries 
moisture into a cooler current above. Then a nimbus or storm- 
cumulus is formed and precipitated in rain. 

Snow, Hail, and Rain. — When the temperature of a cloud 
falls below the freezing point its drops freeze and build up the 
beautiful shajies seen in hoar-frost. In certain circumstances 
these crystals fall as suow. It may be, however, that the cloud 
is cooled below the freezing point, its drops still remaining 
liquid, in the manner described under ‘Glaze Frost.' Then if a 
shower falls through it, the drops are instantly frozen, grow 
to a great size by accretion, and fall as hail. Hail never falls 
after it has been raining for some minutes, and a shower of hail 
never lasts more than about ten minutes ; but the amount of ice 
which falls in that time is sometimes enormous. These facts agree 
with what has been said as to the probable cause of hail ; but 
it is usTially connected with thunder-storms, whether as cause or 
effect cannot yet be decided. 

Ihiin is formed by the condensation of the water vapour in the 
air into the form of cloud, and then by the union of the fine drops 
of the cloud into raindrops. The fine spherules of a mist or cloud 
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have no tendency to coalesce into larger drops, l)ut rather the 
reverse. There is a very beautiful experiment described by 
Professor Boys in BiMles (S.i\C.K.), where small drops of 
water are shown actually bouncing against one another as elastic 
spheres, being deformed by the impact and regaining their shape. 
The magnitude of the surface tension makes them retain their 
individual existence. It has, however, been shown by Lord 
Rayleigh that the smallest alteration of the electrical condition 
in the neighbourhood of a shower of falling drops makes them 
coalesce (see Electricity, Fig. 47). Also Lord Kelvin’s water- 
dropping apparatus (Fig. 56) shows how dro])s of water falling 



through air are affected l)y the electrical condition of the 
atmosphere. 

It is a matter of ol)Scrvation that the potential of the air is 
usually positive j but a (change to a negative potential presages 
a fall of rain, while a change to a positive potential during 
wet weather is a sure sign that the rain will clear off. 

From these facts it is reasonable to conclude that the 
phenomena of snow, hail, and rain are connected with the 
electrical conditions of the atmosphere. 

A Rain Gauge is used to measure the rainfall in terms of 
the depth of water falling on a horizontal area. A funnel has 
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an accurately turned brass rim bounding a circle of known area 
placed horizontally (Fig. 57). The rain falling into the funnel 
is caught in a bottle or reservoir and 
measured in a gauge glass graduated 
to read in fractions of an inch of 
d(;pth ; the water would fill to that 
depth a cylinder whoso section is the 
rim of the funnel. 

lifiin gauges are made of two 
sizes, 5 and 8 inches in diameter of 
rim ; they should be placed with the 
rim about 1 ft. from the gi'ound, 
and there should be nothing in th(i 
neighbourhood at an angle of eleva- 
tion of more than 20"* al)ove the rim, 
or that would cause eddies in the air. 

The rainfall in the British Isles ranges from 20 to 80 inches, 
being most in the western and least in the eastern part. High 
land and mountainous districts in the west cause the vapour- 
laden air from the Gulf Stream to precipitate its moisture before 
it reaches the eastern part. Exceptional rainfalls occur in such 
places as the Lake District of Cuml>crland, 154 inches falling 
annually at Seathwaite near Scawftdl. 

Generally speaking, prevailing winds charged with moisture 
by oceans or warm currents are cooled })y the first land they 
meet, and lose their water there. Hence the large rainfall on 
the western coasts of India,* and of North and South America.^ 

On the other hand, there are rainless i*cgions, such as the 
Sahara, the steppes of Russia, Gobi or Shamo and the interior 
of Australia, which are far from oceans — so that the winds that 
blow across them are dry. As a general rule, the rainfall at 
places not far from the sea does not differ much from the 
evaporation. The average rainfall at the Equator is estimated 

^ Peru and Nortlicni Cliili form a narrow strip on the western side of the 
Andes ; this range receives on its eastern flank tlie rain precipitated from the 
prevalent S.E. Trade Winds, leaving the Pacific coast line very dry. 



Fig. 67.— Rain gauge. 
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}>y Dr. Houghton in his ‘ Lectures on I’hysical Geography ’ at 
66*84 inches annually, which nearly agrees with the evaporation 
there. 

Weather Indications. — It is no longer usual to graduate 
the barometer in the old fashion — Set fair, Fair, Change, as the 
changes in height rather than the actual height of the mercury 
column arc connected with changes of weather. 

The directions given by Admiral FitzKoy for weather fore- 
cast from readings of the barometer arc as follows : — 

Admiral FitzRoy^s Speiual Remarks. — In wet weather, if 
the mercury rise high and remain so, expect continued fine 
weather in a day or two ; if the mercury rises suddenly very 
high, fine weather will not last long. 

The barometer rises highest of all for north and east wind. 
A rapid rise of the barometer indicates unsettled weather, a slow 
movement the contrary. A steady rising barometer, when con- 
tinued, shows very fine weather. 

In very hot weather the fall of the mercury denotes thunder, 
otherwise a sudden fall indicates high wind. In frosty weather 
the fall of the mercury denotes a thaw. In wet weather, if the 
barometer falls, expect much wet. In fair weather, if the mer- 
cury falls and remains low, expect much wet in t\ro or three days, 
and probably wind. A sudden fall of the barometer with 
westerly wind is generally followed by a violent storm N.W., 
N., or N.K 

If a fall takes place with a rising thermometer, wind and rsiin 
may be expected from the south-eaftv^ard, southward, or south- 
westward. A fall with low thermometer foretells snow or rain. 
A rapid fall indicates wind or wind with rain. 

The barometer rises in hard dry weather, because dry air is 
heavier than damp air, the density of water vapour Ijcing about 
*6 of that of air at the same pressure and temperature. 

The condensation of vapour in the form of cloud diminishes 
the pressure, because the vapour occupies less space when con- 
densed, and the air expands to take its place. 



CHAPTER X 

NaTURP] ANT) SOTJRCES OF Hea/ 

Sourcos of Ileal — Heat a Mode «)! Motion — Heat a Result of Friction — Heat 
and Kinetic Energy- -]\[echanical E(jnivalcnt of Heat — Tlieriiiodyiiamics 
— First Law — Sticoiid Law — The Boiler — Condnistion of Coal — The 
Steam-Engine — Expansion — Indicator — Coni pound Engines. 

Sources of Heat.— On the earth, or indeed at all places in 
the Sohir System, the great source of heat is the sun itself. 
Eiidiaut cnei’gy is continually 1 icing sent out in all directions 
from its surface ; the mode of traiismission is considered elsewhere 
(Chap. XL and Lkjht, p. 609). This radiation communicates 
heat energy to any substance which it meets. The amount of 
energy radiated by the sun is enormous ; it has lieen estimated 
that the rate at which energy is given off from every square yard 
of its surface is 500 horse-power. Pouillet estimates that if all 
the heat received by the earth from the sun during one year 
were so emjiloyed, it would melt a layer of ice spread over the 
earth 30 yards in thickness. 

Attempts have often been made to drive engines directly 
by means of the sun’s rays. Sun -engines have been built in 
which the radiation falling on a large area has been concentrated 
and made to do work. Such machines, however interesting, 
have never been l>rought into practiced use. 

The fuel — wood, coal, and petroleum — used for the production 
of heat all originate from the sun’s action on plant or other 
growth. The coal measures are due to luxuriant vegetation which 
flourished on the earth in the early stages of its development. 
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The earth^s own heat no doubt assisted the growth, still in the 
main the sun’s rays must be credited with the energy of 
vegetable growth. 

Combustion is the main source of artificial heat. The 
process of the combustion of coal is described under the heading 
of the Steam-Engine (p. 376). Chemical combination is a source 
of heat in many . forms ; the combination of the carbon and 
hydrogen found in coal with oxygen evolves heat. 

Heat a Mode of Motion. — Bacon in his Novum Organum^ 
lib. ii. cap. xx.* says : “ From what has been said about Heat, 
you must understand, not that Heat generates Motion or that 
Motion generates Heat (though this may sometimes be the case), 
but that Heat itself or the something which we call Heat is 
Motion and nothing else.” 

This is a clear statement of the nature of Heat by one who 
must be considered as the founder of modern sciences; it is 
this statement which Tyndall adopted as a title for his book, 
Heat a Mode of Motion. 

Now ‘ Motion,’ as it appears here or in Newton’s Laws, is 
too vague a term for scientific use, and some more exact term 
must be employed. Experiments shall decide whether Heat is 
velocity or acceleration, momentum or kinetic energy. 

Heat a Result of Friction. — Savages are aide to get fire 
from rapid friction between two pieces of wood rubbed vigor- 
ously together. Few lecturers would be able to show this to a 
class ; Prof. Tyndall introduced an experiment which makes 
less demand on the muscles. • 

On the axis of a whirling table (Fig. 58) a brass tube is 
screwed so as to rotate, being vertical. This is half filled with 
water and corked. Two hinged boards arc arranged to grip the 
tube and hold it in a groove which is lined with leather. When 
the tube is rotated rapidly and pressure applied to the boards, 
the tube is heated, the water boils, and finally the cork is driven 
out, as shown in the figure. 

Here Heat appears as associated with Motion. If it be asked 
what sort of visible motion has been^exchanged into the invisible 
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motion which we call Heat ; it is not momentum. There may 
have been no change in the momentum of the apparatus ; yet 
there has been a gradual development of Heat. What then 
has been done ? Wm'h has been done on the handle of the whir- 
ling table which has been pressed with a definite force through 
a definite distance. 

The ‘Principle of Work’ applies only to ‘perfect’ machines. 
In a real machine some work is done against friction, so that 



Fig. 58.~Friction and heat. 


in practice the work done on a machine is not e(iual to the 
work done hj the machine. The work done against friction pro- 
duces kinetic energy in the form of heat. 

Heat and Kinetic Energy. — A metal plunger fits well in a 
strong metal cylinder, at the bottom of which is placed a piece 
of tinder. Now if the plunger ])e put in the cylinder so as to 
enclose some air, and then be smartly pushed in, or better still, 
hammered in smartly with a heavy hammer, the air inside 


368 


HEAT 


CHAP. 


becomes intensely hot, and the tinder may be shaken out of the 
tube glowing. 

Hero the ‘ motion ’ of the hammer has been arrested and heat 
has been produced ; it is kinetic energy which has been ex- 
changed into heat ; in the former experiment, work done pro- 
duced heat. But work done and kinetic energy arc convertible 
terms (Mechanics, p. 40), so that if Heat be ‘ Motion ’ it must 
be a kinetic energy (sec pROrERTiES, p. 119). 

When we see wdiat is called a ‘falling star,^ it is intense 
heat which has rendered it visible. A ‘sidcritc’ or piece of 
planetixry stone has plunged into the envelope of air surrounding 
the earth with great relative velocity. The friction betxveen the 
air and the stone does work and diminishes the kinetic energy 
of the stone, and heat is produced. 

Now if heat is produced by work done or by loss of kinetic 
energy, it should be possible to find a nuniorical value in units 
of heat which shall correspond to work done or kinetic energy in 
foot-pounds. 

Mechanical Equivalent of Heat. — The experiments of Dr. 
Joule of Manchester (1843-49) cstaldished a nun)erir*.al relation 
between a thermal unit and a foot-])ound. 

These experiments w^ere of three kinds, the first of which \ b , 
the best known. 

1. A known quantity of water was placcid in a vessel like a 
churn, and heated liy being dashed about by moving paddles. 
The work done against the 7*esistance of the water being 
measured, and the rise of tenqxirature of the xvater observed, 
the number of foot-pounds corresponding to a thermal unit 
was calculated. 

In the original apparatus, the churn ot* calorimeter (Fig. 59) 
had vanes or breakwaters V, V, and the paddles P, P were 
carried on a vertical axis. The suspended w^eights caused a 
tension W, W in cords passing round the calorimeter, which 
was free to revolve about C. If the paddles had been fixed, the 
work done on the water might have been measured by the pro- 
duct of 2W lbs., the number of revolutions of the calorimeter 
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and its perimeter in feet Instead of this, the axis and paddles 
ivere rotated at such a rate that the weights remained steady, 
])eing supported l>y the friction of the paddles ; the work done 
was measured by sul^sti tilting the number of revolutions of the 
axis for that of the calorimeter. 

2. Idle h('.at pioduced by the friction ])etween two metal 
surfaciis was employed in heating water. The work done against 
friction was nieasurijd, and the rise in t(miperature of a known 
mass of watei* ascertained, from which Joule calculated the 
Mechanical E(] i li valen t. 

3. Air compressed by a jjressure of 20 atmospheres was 
allowed to expand, thus doing work against a known pressure 
and cooling in consequence. In this as well as in the other 



experiments, the heat was coninmnicatiHl to Mater and every 
precaution M"as taken in devising the ajiparatus and carrying out 
the experiments to avoid the access or loss of any heat owing 
to surrounding o])j(H;ts. 

Jouhi concluded that one British unit of heat corresponds 
to 7 7 2" 7 ft. -lbs. of work. Since the experiments of Joule, 
Ihofs. Griffiths and Schuster (1894) undertook, independently 
of one another, a calculation of the mechanical equivalent. The 
work done by an electric current in heating a wire can be 
measured in foot-pounds, and if it be employed in heating 
M^ater the corresponding number of thermal units is found. 
By this method they arrived at a value of J, 780*2 {Griffiths) 
and 779*7 {Schuster) foot-pounds at Greenwich at 15° 0., 
referred to the ‘ Paris ^ nitrogen thermometer. 

2 B 
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The thermometers used by Joule were entrusted to Prof. 
Schuster for comparison with modern thermometers, and making 
the necessary corrections he concluded that the value given by 
Joule’s experiments is 775 in the a])ovc conditions. Two other 
serious determinations have been made — that by Rowland, 
778*3, and that by Miculescu, 776*G, in the same conditions. 

These experiments and calculations have substituted 778 
(ft.-lb. Fahr.) or 4*19 Joules (lO*^ c>rgs) per gramme centigrade 
unit of heat as the value of J, ‘ The Mechanical EquivaUnV 

Experiments such as those of Joule, Griffiths and others are 
often referred to as determining the Sqiecific Heat of JFatei\ as 
that is the physical constant which is involved. A unit of work 
is an absolute quantity ; the unit of heat d(ipends on the 
characteristics of water; if another liquid were employed the 
numerical value of J would be different. 

Thermodynamics. — The science of the conversion of mechani- 
cal energy into heat or the converse is called Thermodyyiamics, A 
heat-engine is a machine in which heat, usually caused by com- 
bustion, produces mechanical energy and takes the place of the 
work done on the machine. 

The principle of the conservation of energy (Mechanics, p. 
41), when extended to heat, is expressed in what is known as 
The . First Law of Thermodynamics. — A definite quantity of heat 
is called into existence by every imit of work derne without producing 
mechanical energy ; and conversely, when mechanical energy is produced 
from heat, a definite quardiiy of heat goes out of existence for every 
unit of work done. ^ 

The connection between the amount of heat called into exist- 
ence by work done and kinetic energy has been shown to be : — 
One unit of heat can be produced by the expenditure of 7 78 
ft. -lbs. of work. It is natural to inquire whether this can be re- 
versed; in other words. Is it possible to convert one unit of 
heat into 778 ft. -lbs. of work? The answer to this question 
depends on the axiom which, under one form or another, is the 
Second Law (Clausius) : — Heat cannot of itself pass from a body 
at a lower to one at a higher temperatwre. * It is impossible by 
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means of inanimate material agency to derive mechanical effort 
from any portion of matter by cooling it l^elow the temperature 
of the coldest of the surrounding objects ’ (Kelvin). Temperature 
is the test of the availability of heat for doing work. 

It follows that in the working of any engine ‘ heat will be 
lost/ not because it disappears, but because it is at a temperature 
too low to be available. For a complete discussion of the con- 
version of heat into work the student must be referred to works 
on Thermodynamics ; a slight account of the steam-engine alone 
is possible here. 

For about 200 years steam has been used as the substance 
by which heat is eon verted into work. Progress has been 
made from Savory’s small and very wasteful pump to the 
powerful engines of modern steam-ships with their ‘ economical ’ 
working. In these, the consumption of coal has been reduced 
to lb. per horse-power hour instead of the 2 1 lbs. of 25 years 
ago. Now the combustion of each pound of Welsh coal gives 
15,235 thermal units, equivalent to a])out 5000 foot-tons of 
work. According to this, one horse-power hour is the mechani- 
cal equivalent of the heat in ^ lb. of coal, which is barely yV 
the coal required. From this it may be seen how far our most 
economical engines fall short of converting all the heat into 
work. In describing the conversion of heat into work in a steam- 
engine, it will be well to note at what points heat is ‘ lost,’ i.e, 
allowed to escape without doing work. 

The Boiler consists of two main x^arts, — the shell in which the 
water, is contained, and the*heating surface by wliich heat is com- 
municated to the water. In the older types of marine boiler, 
and in the boilers of railway locomotives the furnaces and heat- 
ing surfaces generally are wholly contained inside the shell. In 
the newer forms of boiler, known as ‘ tubulous ’ or ‘ water-tube ’ 
boilers, the water is contained in tubes entirely surrounded by 
the furnace. 

The Low or Through Tube Marine boiler, illustrated in Fig. 
00, is a very good type of boiler for simple discussion, be- 
cause it is easy to distinguish its parts. It is a boiler suitable 
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for use in a steam -vessel with a small draught of water, as 
it is low and long. The fuel is burned on the grat(i bars L,L, 
and, the smoke and heated gases mixing with air, the com- 



Front view. 


In these figures — 

B represents tlio shell, 

C F'lWit of boiler. 

I) Bach, 

E Furnaces. 

F Oovihustion chanihcr. 
a Tubes. 

H Bach tube 2>l<^ic. 

J Front lube lilale. 

K Ashirit. 

L Furnace bars. 

M Bcariuij bars. 

N Furnace door. 

O Ashpit door or drauyht 2d ate, 
P Jlridge. 

R Water line. 

S Bteam simce. 

T W atcr s-pacc. 

V Ftays. 

W Stay tubes. 

X Man-holes, 

Y Mud-holes. 


bustion is completed in the combustion chamber F. In the 
locomotive boiler the furnace and combustion chamber are com- 
bined in a cubical box, sometimes of copper, the ashpit opening 
to the air ; the fire-box end of the boiler is made square to hold 
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it. In the earlier locomotives, the value of a combustion 
chamber was not appreciated, and in consequence, when coal was 
used, there was great difficulty with the heavy cloud of smoke 
which was not properly burned. Hence coke was used at a 
considerable cost. Of late years the fire-box has been divided 
by a brick arch, so that its upper part forms a combustion 
chamber, and coal is used. 

Water-tul)e boilers are those in which the heat required to 
raise steam from water is apj)lied to the outdde of the tubes, the 
Avater being inside; they possess several advantages over the 
older forms of marine boilers. 

The Belh'viUe boiler, illustrated in Fig. 61, consists of several 
sets of tu])es placed side by side over the fire, and enclosed in a 
casing foiined of non-conducting material. Each set of tubes, 
called an element^ is constructed in the form of a flattened spiral, 
and consists of a num])er of straight tubes A, B, C, 1), etc., screwed 
at the ends and connected to junction boxes E, F ; the junction 
boxes at ))oth ends of the elements are placard vertically over each 
other and arc so consti’ucted that the upper end of one tube is on 
the same level as the lowei* end of the next tu))e in the spii'al. 
The junction })oxes E are closed at the ends, but those marked 
F at the front end of the boiler are fitted with small doors, so 
that the interior of each tube may be readily inspected. 

Iffic lower front box of each element is connected to a 
horizontal ct'oss tul)e at the front of the boiler, called the feed 
collecting tube H, aiid the front u})pcr box is connected to the 
bottom of the steam receker G, which is a horizontal cylinder 
running along the front of the boiler above the casing. 

The furnace bars J, and furnaces T, with fire-brick sides and 
back, are arranged under the elements as shown in sketch ; the 
hot gases pass up between the tubes to the uptake R and funnel. 
Furnace doors K and draught plates h are fitted as in ordinary 
boilers. The smoke-box doors M are arranged over the ends of 
the tubes at the front of the boiler, these can be removed Avhen 
necessary to clean or examine the tubes, and are opened for the 
purpose of checking the combustion and consequent generation of 
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steam when necessary. Ashes falling through the furnace bars 
are collected in the ashpans S. 

In order to secure complete combustion in the furnaces before 
the gases rise between the tubes, jets of air under pressure are 
delivered from a pipe led along the front of the boiler above the 
furnace doors ; the amount of air admitted through this pipe may 

be varied as necessary 
to suit the rate of 
combustion or the 
kind of coal used. 
Baffle plates, as shown 
at V, are fitted hori- 
zontally between the 
tubes, to ensure the 
thorough circulation 
of the ho t gases around 
them. 

When the boiler 
is in use, the water 
level N is at about 


IS 

half the height of the 
elements ; water is 
supplied at the bottom 
of each element, is 
partially evaporated 
in the lower tube and 
passes partly as steam 
and partly as water 

Fig. 61.-Belleville boiler-Sectional elevation. through the back 

junction box into the next tube, where a further portion is eva- 
porated, and so on. Each tube has, therefore, to convey all the 
steam formed in the tubes of the same element which are below 
it as well as the steam formed within itself. A mixture of* steam 
and water is thus continuously discharged from each clement into 
the receiver G. 

The water from the feed pumps is admitted to one end of this 
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receiver, whore it mixes with the water from the tubes, passes 
with it to the other end of the receiver, thence by an outside 
circulating pipe to the collecting tube, and so to the bottoms of 
the elements. An arrangement is made by means of a sediment 
cha7nl)er P in connection with the pipe leading from the steam 
receiver to the elements, to separate impurities from the boiler 
water ; from this 
they can be blown 
overboard as neces- 
sary. Self - regulat- 
ing feed supply 
arrangements are 
provided for these 
boilers to keep the 
water at the proper 
height. The steam 
receiver is fitted 
with the usual stop- 
and safety - valves, 
pressure-gauges, etc. 
the water-gauge is 
shown at N. 

As a very small 
amount of water is 
used in these boilers 
compared to that in 
the ordinary boilers 
there is more fluc- 
tuation in the pres- 
sure of steam, and arrangements are made to keep the pressure 
supplied to the engines constant. This is done by keeping the 
pressure of steam in the boilers above that required for the 
engines, the supply to which is regulated by an automatic 
reducing- valve (not shown in sketch) so constructed that a 
constant pressure reaches the engines, however mimh the pressure 
in the boilers may vary. If the pressure in the boilers should 



Pig. 61 . — Belleville boiler — Section through XY. 
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fall below that at which the reducing-valvo is set, it would open 
fully and allow the whole of the boiler pressure to pass to the 
engines. 

The advantages claimed for water -tube boilers over the 
ordinary marine types are : — 

1. That they may. be safely worked at much higher pressures 
than cylindrical boilers, and so greater economy can be secured. 

2. They are much lighter than the cylindrical boiler of the 
same power, both being worked under the same conditions of 
natural draught. 

3. They are much more easily rcpair*cd or replaced than 
ordinary boilers. A damaged element of a Belleville boiler can 
be replaced by a spare one in a few hours, while a whole set of 
boilers could be replaced without Cutting up decks, etc., as 
necessary for ordinary boilers. 

4. In the event of accident to, or fracture of any part of a 
water- tube boiler, there would be much less risk either to life or 
the ship because of the small amount of water used. I'he amount 
of water at working height in one of II.M.S. Terrihys boilers is 
little over one ton, while in an ordinary retuim-tube boiler the 
amount of water is over twenty tons. 

In considering the steam-engine as to iis conversion of the 
heat of burning coal into work, it is necessary first to consider 
combustion itself. 

Combustion of Coal.- -Cmubustion is a rapid chemical camhiiia- 
tion of the oxygen of the air with the hydrogen and carbon of the coal^ 
light and heat being evolved, ' 

There are two stages in the combustion of coal. 

I. When coal is first throMui on the fire, it absorbs heat, and 
the hydrocarbons are driven off : if sufficient air be mixed with 
them, and the temperature of the mixture of the air with, the 
gases is high enough, these <are burnt in the furnace and combus- 
tion chamber. If not, they go off in the form of smoke, and the 
heat which would be evolved by their combustion is lost. 

II. The solid portion of the coal, the carbon or coke, then 
remains to be burnt. The air required for this passes through 
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the spaces between the furnace bars, the supply into the ashpits 
being regulated by the draught plates. 

If sufficient air is supplied, the combustion of the coke is 
complete, and the product of combustion, carlmiic acid gas or 
carhon dioxide^ passes away into the uptake and fuTinel, 

But if the supply of air is insufficient, or the fire is thick, the 
carhonic acid COg loses one part of oxygen in combination with 
the glowing carbon, and passes from the fire in the form of 
carhonic oxide CO. As this gas will burn and give out heat by 
combination with additional oxygen, it would ])e a waste of heat 
to allow it to pass unconsuined into the funnel. The air which 
passes through the gratings in the furnace doors afibrds oxygen 
for the combustion of this gas, as well as of the hydrocarbons 
in the combustion chamber. 

To effect the complete combustion of 1 lb. of coal 1 2 lbs. of 
air are necessary, theoretically. 

In practice this has to be exceeded, as the products of com- 
bustion require to be diluted if combustion is to bo comificte ; 
with artificial draugld about 18 lbs. are desirable, and with natural 
draught (that is draught due to the height of the funnel or 
chimney alone) about 24 lbs. This would occupy a volume 
16,000 times as great as that of 1 lb. of coal. 

Sujigdy of air — N'atural draught — In ordinary cases this supply 
of air is kept up by the natural draugld. The heated gases in 
the uptake and funnel being lighter than the air outside, ascend, 
and to supply their place fresh air is drawn through the furnaces. 
About one-fourth the heat produced in the furnaces is expended 
in this way; the temperature of the gases in the funnel is about 
600° F., and in the furnaces about 2400° F. 

From this description it may be seen that waste of heat occurs 
in several ways. 

1. The gases first driven oft* escape in the form of smoke, 
which is unconsumed carbon. 

2. Some carbonic oxide escapes unconsumed. 

3. Some carbon is thrown away with the ashes. 

In these three cases, heat accounted for in the theoretical 
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value is actually not evolved, the combustion having been im- 
perfect. Besides this, 

4. Heat which finally escapes from the funnel is lost. 

5. Heat is lost by radiation from the heated surfaces. 

As to the escape of heat from-the funnel, the fall of tempera- 
ture from 2400° F. in the furnace to 600° F. in the escaping gases 
is alone available for making steam ; the fall from 600° F. to the 
60° F. or so of the atmosphere is ‘ lost.’ 

The difierence ])etween the ‘available’ evaporative power 
and the theoretical available power is due mainly to the following 
causes : (1) Waste of unburnt fuel in the solid state. (2) Waste 
of unburnt fuel in the smoky or gaseous state. (3) Waste by 
external radiation and conduction. (4) Waste or loss of heat by 
the escape of hot gases. 

The Steam-Engine. — The steam having been raised is 
admitted to a cylinder in which it does work in forcing a piston 
from end to end of the cylinder. The steam is admitted, first 
to one end of the cylinder, and then, while this is allowed to 
escape, fresh steam is admitted to the other end to force the 
piston back. The student may understand this better with the 
aid of the movable diagram (Fig. 62) which is here introduced ; 
the piston rod E can be moved with one hand, while the rod L, 
which moves the slide valve K, is moved with tlie other. Place 
the piston BCD at the top of the cylinder A ; the slide- 
valve K should then bo placed in the middle of its travel. The 
space J in which the slide-valve is moving is called the valve 
chest or slide-jacket, and is full of st^am from the boiler. M is 
the hollow of the slide-valve, like the hollow of the hand, 
covering the holes or ‘ ports ’ F, F which lead into the cylinder. 
The slide-valve should now be moved slowly down ; the Steam 
will rush from J through F into the cylinder and force the 
piston down. At the same time the steam which is in the 
lower end of the cylinder finds a way open to it through the 
hollow M to the exhaust-pipe H, by which the steam escapes. 
By the time the piston has got half-way down, the slide-valve 
K should reach the end of its travel, and begin to move up ; it 




Pig 02,— Sketch of Hoction of cylinder, with movable piston and slide valve. 
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closes the upper cylinder port F, so that no more steam enters 
there, and the steam in the upper part of the cylinder expandiT\g 
still forces the piston down until it reaches the bottom. By this 
time the slide-rod is in the middle again, and the operation repeats 
itself for the return stroke. The left hand raises the piston-rod 
E and the right hand continues the upward motion of the slide- 
rod L ; the steam may he supposed to pass from the slide-jacket 
J, through the lower port F to the cylinder, forcing the piston 
up, while the steam from the upper part of the cylinder escapes 
through the upper port to the exhaust H. 

This description has been given to explain to the student 
how the steam is led to force the piston of a steam-engine back- 
wards and forwards. The mechanism by which the motions of 
the slide-valve and piston are regulated and the way in which 
the work is done by the piston-rod can be found in a practical 
book, such as Steam arid Steam Machinery, Langmaid and Gaisford, 
Macmillan, from which these diagrams are taken. 

Expansion. — The slide-valve cuts off the supply of steam to 
the cylinder at a certain part of the stroke, and the steam ex- 
pands through the remainder of the stroke. This is called 
working expansively, and its effect on the economical working of 
the engine must be considered. 

In the early steam-engines the steam was produced at a low 
pressure, 2 or 3 atmospheres (sometimes indeed at little more 
than atmospheric pressure), and a cylinder full of steam at this 
pressure was used in each stroke. In a condensing engine the 
steam is then led away into a condenser, and so the whole 
pressure was effective to do work. In non-condensing or * high- 
pressure ' engines the steam is allowed to escape into the air ; 
in these there is at least one atmosphere of back pressure. 

In any case, the steam in the cylinder does work in pressing 
the piston, and one unit of heat disappears for every 778 foot- 
pounds exerted, being cooled to that extent and partially con- 
densed. This is all the heat that is utilised, and the rest of the 
heat, both sensible and latent, in that cylinder full of steam is lost 
so far as work is concerned. 
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In the diagram (Fig. 63) the vertical lines AC, XS, YT 
represent piessuros of steam which fill a cylinder, whose volume 



is represented by the hori- 
zontal lines AX, AY, by 
forcing a piston to a dis- 
tance which may also be 
represented by AX, AY. 
The complete diagram, 
giving the pressure, speci- 


Pig. fi3.-B>;i.a.,«i,.u of aWtn. fic volume aiid latent heat, 

etc. of steam at various 


temperatures is repeated (Fig. 64) to assist the reader in study- 
ing numerical examples. Suppose that 1 lb. of steam at 5 atmos. 
pressure fills a cylinder represented in volume by the line AY 
(5*68 cub. ft.), the force exerted on the piston is the product of 
Its area and the pressure of the steam ; the piston area being 
constant, this force is also represented by the line AB. Since 
the line AY represents the stroke or distance through which the 
piston is moved, the work done by the steam is represented by 
the rectangular area AT. Suppose that 1 lb. of steam at 10 
atmos. pressure is admitted to the same cylinder, its volume 
(2*96 cub. ft.) being represented by AX, the steam forces the 
piston through a distance also represented by AX, and does 
work represented by AS. 

But this is not all the work which this steam can do, for it can 
expand and fill the cylinder, forcing the piston to Y with a con- 
tinually decreasing pressure, represeiitod by the ordinates decreas- 
ing from XS to YT. When it has filled the cylinder the steam at 
1 0 atmos. has done work represented by the area of the irregular 
figure ACSTYX, — moreworkthan is done by the steam atfiatmos., 
as the irregular figure AS is greater than the rectangle AT. 

The total heat of steam at a pressure of 5 atmos. is 1175 F. 
units, and at a pressure of 10 atmos. 1190. Hence a pound of 
water can be converted into steam at 10 atmos. by expending 
only 1 5 more F. thermal units than are necessary to produce 
steam at 5 atmos. 
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T^ie Indicator records the work done in a cylinder by a 
diagram such as that given above. So long as the indicator cock 
I) is open, the steam cylinder is in direct communication with 
the indicator cylinder. The small piston P (Fig. 65) is moved 
up and down by the varying pressure in the cylinder balanced 



Pijj. 05. — niH iiHlioator. 


by a spiral spring. Paper is fastened to the barrel B by clips 
C, and the pencil T makes a vertical line on it as the pressure 
varies. The barrel is pulled by the string S, which is led to 
some lever worked by the piston rod — a coiled spring in the 
barrel pulling it back. This gives an oscillating motion to the 
paper, so that the pencil, if still, describes a horizontal line on the 
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paper. When the pencil is moving with the varying pnessure 
and the paper oscillating with the motion of the piston, a curve is 
described somewhat similar to the theoretical diagram (Fig. 63). 

When a diagram has been taken the indicator cock D is 
closed, and the pencil describes a horizontal line of no pressure, 
‘ the atmospheric line 
BF.’ The diagram then 
appears as shown in 
Fig. 66. ABCD is the 
admission of steam, 

DEFG the expansion 
reducing the pressure, 

GHA the * vacuum ' 
when the pressure at the 
back of the returning 
piston is less than the 
atmospheric pressure. 

The numerical value of the vertical lines in lbs. per sq. in. 
are given for each spring by the makers and checked "by 
experience, the horizontal travel of the pencil correspdnds to the- 
‘stroke,’ and the work done in the cylinder is calculated from 
the area of the diagram. 

It is not within the scope of this work to discuss practical 
indicator diagrams. What has been said is sufficient to show 
how the work done by the steam is measured. 

Compound Engines. — The economy effected by using high 
pressures of steam subsequently expanded, will evidently be in- 
creased by using higher pressures in the boiler, and by expanding 
the steam so much in the cylinder that the pressure falls nearly 
or quite down to the pressure in the condenser. It is, however, 
very trying to an engine to have such great variations of 
pressure on the piston. If the pressure be so much varied, a 
great strain is put on the piston rod and other parts of the 
machinery. It is also wasteful to have large variations of 
temperature during the stroke, as the incoming steam is cooled 
by the cylinder in that case and partly condensed during 
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admission. It is therefore usual to carry out the expansion of 
the steam in two, three or even four cylinders into which it goes 
successively ; engines with high- and low- pressure cylinders are 
called comi)ound, those with three or four successive cylinders 
triple or quadruple expansion engines. Thus economical working 
has been much increased, the use of steel in the construction of 
boilers having rendered it practicable to use very high pressures. 
But even if further improvements are made, the steam-engine will 
still be unable to convert more than a small fraction of the heat of 
combustion into work. The more the temperatures differ at which 
heat is taken in (at the boiler) and rejected (at the condenser) the 
greater is the fraction which may be turned into work : it is an 
advantage for this difference to be as low in the scale of tempera- 
ture as possible (Second Law of Thermodynamics). 

A gas-engine or a hot-air engine is theoretically capable of 
turning a large fraction of its heat into work, because in it the 
working substance passes through a wider range of temperature 
than does the steam in a steam-engine. 

Steam Turbines are being increasingly used in stcam*ships 
and for electric generators. In these, vanes are placed diagonally 
on the cylindrical steps of a drum which increases by steps. 
The drum runs in a casing also increasing by steps, and guides, 
fixed to the inside of the casing, direct the steam on to the vanes. 
The general direction of the steam is parallel to the axis of the 
drum, entering at the smaller end of the casing and expanding 
at each set of vanes. 

Large steam turbines have a «high efficiency, and are as 
economical as the best reciprocating engines : the steam expands 
from 250 or 300 lbs. per sq. in. to vacuum, and tliere is little loss 
from friction and none from change of momentum in working parts. 

For further treatment of the theory of the steam-engine, the 
reader is referred to The Steam-Engine and other Heat Engines^ by 
Professor Ewing, Pitt Press. 

The short sketch of the steam-engine given here owes its 
value entirely to the assistance which Professor Ewing has 
generously afforded, and to the text-book of J. Langmaid and 
H. Gaisford, Engineer Officers, R.N. 



CHAPTER XI 

Transmission of Heat — Radiation 

Radiant Energy- Rectilinear Propagation — Intensity of Radiation — Reflection 
— Refraction — Diathermancy : of Solids, of Liquids, of Gases, of Water 
V apour — Oljscurc Rays — Greenhouses — Absorption — Radiation and 
Absorption — Radiation from Surfaces — Absorption at Surfaces — Radiation 
and Absorption Comj>ared — Reflecting Power — Distribution of Radiant 
Energy — Cooling — Rate of Cooling — Prevost’s Law of Exchanges — Mobile 
Equilibrium of Temperature. 

Radiant Energy. — The heat of the snn’s rays and the pleasant 
warmth of an open fire when those rays fail in their generosity 
]>oth illustrate the Transmission of Heat to a distance by Radia- 
tion, The sun is a source of heat as well as of light ; its rays 
passing over the millions of intervening miles affect our sense of 
feeling as well as of sight. Some light rays, such as moonlight, 
impart no pei’ceptilde heat ; some heat rays, such as the radiation 
from a boiler or steam-pipe, can be j)lainly felt at a distance 
though no rays can be seen# Yet there is no doubt that both 
are conveyed in the same way. liadiation is the transmission 
of heat from a hotter to a colder body hy means of viWatmis of the 
liiminifennis ether. The subjects of light and heat overlap at 
this point, the laws of transmission of radiant heat being the 
same as those of light, and the manner of transmission also. 

Radiation is sometimes defined as the transmission of heat 
energy through a medium without heating it. This is incorrect, 
unless by ‘ medium ^ is meant the ether whose vibrations trans- 
mit the energy. The term * medium ^ is usually applied to the 
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intervening substance — gas, vapour, liquid or solid, which is 
always heated more or less by radiation through it. 

In conduction, heat passes at any point from a hotter particle 
to its cooler neighbour, but in radiation the temperature of the 
intervening substance does not come into the question. 

At the surface of the radiating body heat-energy is trans- 
formed into energy of vibration of the luminiferous ether, which 
is again transformed into light or heat on meeting some other 
body, but which on the way is not what is ordinarily known as 
light or heat. 

When treating of light, it is in place to poi'nt out (LlGin\ 
p. 602) that from a source of light there proceed also rays which 
do not cause light, but which produce heating effects. 

Such rays are called by Tyndall ‘ obscure ’ rays, and to detect 
them and measure their intensity the thermopile is used, with its 
‘ spot of light ’ as an index. This instrument is referred to on 
p. 262 and fully described in Electricity, Chap. VIIL ; it was 
brought into iise by Melloni, whose researches on radiant heat 
will often be referred to. 

Rectilinear Propagation. — An upright stand is provided 
on which a heated iron ball may be placed ; also a double 
heat screen, which has a square hole through it ; a plain screen 
is placed at an equal distance on the other side. Now if a candle 
be placed on the stand, so that its ffame occupies the position 
which the ball will occupy^ a square of light is traced on the 
plain screen, showing that the rays of light proceed in straight 
lines through" the hole. The ball is heated and placed on the 
stand ; the eye can no longer detect any rays, but if a thennopile 
be brought to the place where the square of light was seen on the 
plain screen (Fig. 67), the ‘spot of light' is instantly deflected, 
while at other places there is little effect on the thermopile. 
This shows that the ‘obscure' heat rays as well as the light 
rays proceed in straight lines. 

A ‘ double screen ' is used in experiments on heat to intercept 
radiation. It consists of two parallel sheets or plates of tin or 
w'ood standing vertically, with a space between them for the cir- 
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culation of air. Th(3 plate nearer to the source of heat may 
become heated, })Ut the convection cuirents passing up between 
the two plates carry away the heat and prevent any heating of 
the further plate. This does not, therefore, receive any of 'the 
radiant heat from the source, and the radiation is entirely 
intercepted. 

Intensity of Radiation. — ^Evcry one knows by expermnce 
that the intensity of radiant heat diminishes with the distance 
from the source, for if you find it too hot near the fire you must 
move further off. If it be asked. What is the law of diminu- 
tion ? the experiment last conducted (Fig. 67) may make it 
clear. Suppose that the hole in the doulde screen be exactly 
one inch square, and this screen be placed half-way between the 




Fig, fiT.— Hectiliueur tmnsuiission. 



furthei’ screen and a candle. The patch of light on the further 
screen is exactly four square inches, i.e. foui* times the area of 
the hole. The energy passing the square inch a^t the hole has, 
in double the distance, spread itself over the four square inches. 
And it was shown in the last experiment that radiant heat as 
well as light is transmitted in straight lines. 

An experiment which was devised by Melloni illustrates the 
law of transmission of ‘obscure' heat. A large flat-sided tin 
box is filled with hot water, and a thermopile is placed with 
its cone collector in front of the vertical flat surface of the 
box (Fig. 68), — the spot of light is at once deflected. Now 
remove the thermopile further from the box, or approach it 
nearer, the spot of light does not move, showing that the 
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intensity of radiation falling on the thermopile does not 
change. 

The cone collector limits the rays received by the thermo- 
pile to those proceeding from a circle in which the (;one cuts 
the surface of the 1)0X, as is indicated by the dotted lines in 
the figure. When the cone is approached to the box this 
circle is diminished, and when it is removed the circle is 
increased. 

The area of the circle from which rays are received varies as 
the square of the distance of the thermoj^ilc. As the> spot of 
light shows that the total intensity of heat 7*eccived by the ther- 
mopile does not vary, it follows that the intensity of the radia- 



Fig. 08 . — Melloiii’s proof. 


tion from a source of heat varies inversely as the square of the 
distance from it. 

If it be understood that radiation is a wave motion, then 
the proof which is given in Wave Motion (p. 445), for the 
general case (intensity of spherical waves) applies hcTc. 

Reflection. — When roasting meat before an open fire it is 
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usual to place a bright tin screen round it to reflect the rays of 
heat back on to the joint. 

The apparatus used to illustrate the reflection of light (p. 404, 
and Light, p. 519) illustrates the rcflcctioTi of heat. A ther- 
mopile is placed opposite the openings and a source of heat is 
substituted for a candle. In another experiment two large 
concave mirrors of polished metcil arc fastened to supports, so 
that their axes are horizontal and coincident (Fig. 69). If a 
lighted candle be placed at the focus of one of the mirrors, that 
is half-Avay between its centre and its suilacc, the light is re- 
flected and thrown in nearly parallel rays to the other mirror. 

There the rays arc reflected, and converge to the focus of 



Fiff. 09.— Reflection. 


that mirr’or. This can be seen by the large amount of light 
making an image of the candle flame, which is thrown on a 
piece f)f paper placed there. 

If a flask of hot watci; or a heated ball be substituted -for 
the candle, and a thermopile for the piece of paper, the rays of 
heat arc shown to be reflected in exactly the same way as the 
rays of light. The spot of light flies rapidly to one side when 
the thermopile is placed at the focus of the mirror and turned 
towards it, though when turned in the opposite direction it 
shows no movement due to the direct rays from the source of 
heat. 

It is plain from th(‘se t‘.xperiments that the laws of the radia- 
tion of heat are the same as those of the radiation of light. 
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Bectilinear propagation, the law of inverse squares and the law 
of reflection are the same with both. 

Refraction. — Few boys have not burned holes in their 
clothes or done other mischief with a ‘burning glass.* The 
sun’s rays are concentrated by refraction through the lens, and 
their intensity at a point is so much increased that cloth or 
paper is charred. Campbell’s Sunshine Recorder consists of a 
glass ball (Fig. 70) which concentrates the sun’s rays on a card- 



Fig. 70.— Campbell’s sunshine reconier. 


board cylinder, on which the principal focus of the sphere falls. 
So long as the sun is shining it leaves a trace of charred paper. 
This figure was kindly lent by Messrs. Negretti and Zambra. 

Later on it will be seen that glass absorbs much of the heat 
which falls on it, so that it is not a suitable material with which 
to experiment on refraction. Still these two examples suffice to 
show that radiant heat is refracted, and that in this respect also 
it behaves like light. 
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Diathermancy (Sm, through ; Oepixaivuv, to heat) is the 
capacity of a body for transmitting radiant heat. 

Solids. — The double screen of Fig. 67 is fitted with a carrier 
like that for magic lantern slides, and stops between the plates, 
on which the carrier can rest. Slices of different substances can 
be placed in the carrier so that they come before the hole in the 
screen. Then all the radiation (whatever source of heat be 
employed — heated ball, flask of water or lamp) must pass 
through the substance before reaching the thermopile. 

When the radiation from a heated ball is passing through the 
hole and falling on the thermopile, the spot of light has a wide 
deflection. A plate of clear glass | inch thick is 'interposed ; at 
once all the i*adiation is cut off and the spot of light comes to 
rest in the middle. A slice of rock-salt is then placed in a 
carrier smd slid along so as to take the place of the glass, the 
spot of light instantly flies off to the side, showing that the 
radiant energy which was stopped by the glass passes easily 
through the rock-salt, 

Melloni conducted experiments with a great number of 
substances and with different sources of radiant energy, esti- 
mating ^he relative degrees of diathermancy of different sub- 
stances by the deviation of the galvanometer connected with a 
thermopile. A few of his results are tabulated. 


Substance. 

Percentage of Radiation Transmitted. 

* Oil Lamp. 

Incandescent 

Platinum. 

* Copper at 
100“ C. 

Rock* salt 

92-a 

92-3 

92-3 

Sulphur .... 

74 

77 

.04 

Iceland sj)ar . 

39 

28 

0 

Glass .... 

39 

24 

0 

Gum .... 

18 

3 

0 

Alum .... 

1 ^ 

2 

0 

Sugar .... 

1 8 

1 

(S 

Ice 

6 

0-5 

0 


This table shows that not only do different solid substances 
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transmit radiation in different percentages, l)ut that this 
percentage differs with the nature of the source of radiant 
energy. 

Rock-salt transmits equally the radiation from all* the dif- 
ferent sources of heat, but glass is impervious to the rays from 
the cooler source, while it transmits more than a third of that 
from the lamp. 

Liquids. — To test the diathermancy of liquids a thin 
glass cell for holding liquids is fitted in a carrier. By using this 
it is seen that water intercepts the ‘ obscure ’ rays from the 
source of radiation, though, like glass, it is clear and transparent 
to light rays. On the other hand, carbon disulphide transmits 
the invisible heat rays freely. 

Melloni’s results for a few liquids arc also given, the source 
of heat being an oil lamp. When an oil lamp is used the glass 
chimney absorbs some of the radiation, and the glass sides of the 
cell which contains the liquid also absorl) some radiation, so that 
much radiation which glass will stop has already been removed 
from the beam. 


Liqui«ls. 

Carbon disulphide 
Spirits of turpentine . 
Olive oil . 


IVrceiiUiKt* 

transmitted. 

63 
. 31 
. 30 


Liquids. 

Absolute alcohol 
Syrup or brine . 
Distilled water . 


Percontaf^o 

trariHinitted. 

15 

. 12 

. 11 


Gases. — In all these experiments it has ])een taken for 
granted that the radiation passes without hindrance through 
the air. Dry air and the permanent gases transmit radiation, 
from whatever source of heat, vdthout any hindrance, and 
behave as ‘ a practical mcuum as regards the rays of heaV It is 
different with vapours ; they vary very much in their diather- 
mancy among one another and with the nature of the source of 
radiation. 

The experiments of Prof. Tyndall on their behaviour are 
described in his Heat a Mode of Motion, The simple experiment 
which he devised to illustrate the adiathernianey of water 
vapour will now be descrilied. 

Adiathermancy of Water Vapour. — A cube full of boiling 
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water is taken as the source of heat (Fig. 71), and as before a 
screen is interposed with a hole which allows the radiation to 
fall on the thermopile from a part only of the face of the cube. 
A cylindrical vessel about ins. high and 7^ in diameter, with 
a wire-gauze bottom, is placed between the cube and the thermo- 
pile, but not so as to intercept any radiation. A tube is led to 
a flat tin opening under the gauze with a fine rose. 

The vessel is first filled with crystals of calcium chloride. 
When the air is gently forced through the tube it is dried by 
the calcium chloride and rises as a stream of dry air between 
the cube and the thei’mopile. The thermopile is ‘ corrected ^ by 



Fig. 7i.- AUiatheriiiaiify of vapour. 


placing another cu])e of hot water to warm its reverse side, /iiid 
so bring the spot of light to ‘the zero point. 

The calcium chloride is now removed and the vessel is filled 
with fragments of stone moistened with water. When the air 
is forced through the tube it rises as a column of saturated air 
between the cube and the thermopile. The effect is immediate ; 
a strong deflection of the spot of light shows that the saturated 
air intercepts the radiation to a great extent. 

The water vapour surrounding the earth forms a screen, 
which tempers the rays of the sun and also preyents the heat 
of the earth from radiating into space. Eegarding the earth as 
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a source of heat, at least 10 per cent of the radiation from it is 
intercepted by the vapour within 10 ft. of the ground. 

The amount of vapour present in the air is continually 
varying, as has been observed above (p. 354), and even on a clear 
night the cooling of the earth’s surface by radiation is checked by 
the vapour-screen which surrounds it. 

In the same wky the rays of the sun are tempered by our 
vapour-screen. Mountaineers suffer much from their heat. The 
quantity of vapour in the air diminishes gradually as we ascend 
(p. 355), and on a mountain side the pressure of water vapour 
may be very small. In such circumstances the sun’s rays are 
almost intolerable. Tyndall says, “ I never on any occasion 
suffered so much from the solar heat as in descending from the 
‘ corridor ’ to the grand plateau of Mont Blanc, on 1 3th August 
1857 ; though my companion and myself were at the time hip 
deep in snow the sun blazed against us with unendurable power. 
Immersion in the shadow of the D6me du G6ute at once changed 
my feelings ; for here the air was at a freezing temperature . . . 
we suffered not from the contact of hot air, but from radiant 
heat which had reached us through an icy cold medium.” 

Arctic explorers have commented on the great power of the 
sun in high latitudes owing to the dryness of the air. The pitch 
in the seams on a vessel’s side has often been seen to boil while 
the air was below the freezing point. 

' The early morning in the summer is the time of least 
humidity, and the scorching heat of the sun is then very evident; 
the paint on doors which face eastward is often blistered by the 
untempered rays of the morning sun, though the temperature of 
the air may be. moderate. 

Obscure Rays. — If a prism or train of prisms of rock-salt be 
used to disperse the rays o| light from a luminous source and 
form a spectnim, the radiation is not intercepted so much as 
when glass is used. Tyndall conducted many experiments 
in this manner with the object of finding out the heating power 
of the differqpt parts of the solar spectrum (Fig. 72). The 
sun’s rays before they reach the earth have to pass through our 



XI TRANSMISSION OF HEAT— RADIATION 395 

v^ipour-laden atmosphere, and this cuts off a great deal of the 
obscure radiation. Still in 4ihe solar spectrum the heating effect 
of the obscure rays is twice that of the visible rays. The 
spectrum of the solar beam analysed at the high observatories, 
where the vapour layer is much thinner, shows a much greater 
proportion of obscure rays. 

To test the presence of radiation of small intensity. Professor 
Lan§ley invented the Bolometer^ an instrument of great delicacy 
(see Electricity, p. 794). With its .aid the obscure rays 
of the ultra-rod spectrum have been mapped out and lines of 
no radiation detected in the solar beam there, similar to the 
Fraunhofer lines of the visible spectrum. 

The obscure rays of a luminous beam may be isolated by 



using a filter, which allows them to pass but is opaque to light. 
Iodine, for example, is very opaque to light, but it is very 
diathermanous or transparent to the obscure rays ; it may be 
dissolved in carbon disulphide or chloroform, either of which 
is very diathermanous. 

By placing a filter of iodine before the opening of an electric 
lamp a beam of radiant energy, intensely powerful though quite 
invisible, may be projected and experimented on. These dark 
rays are of sufficient power to sot paper alight and even to raise 
platinum to incandescence. 

‘ Hays from an obscure source cannot,’ Tyndall says, * com- 
pete in point of intensity trith the obscure rays of a luminous 
source.’ One of his experiments will illustrate this. 
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A platinum wire spiral was arranged so that an electric 
current of gradually increasing intensity should pass through it. 
A beam of radiation from it was spread into a spectrum by 
means of lenses and prisms of rock-salt. In the part of the 
spectrum where there was a maximum heating effect a thermo- 
pile was placed. As the current was increased, the rise of 
intensity in the invisible rays was shown by the deflection of 
the spot of light. 

In the following list the numbers give the intensity of the 
obscure rays proceeding from the spiral as it showed different 
colours whilst being heated to incandesence. 


Dark 

1 

Orange . 

60 

Dull red . 

13 

Yellow . 

. ^ 93 

Full red . 

. 27 

White . 

. * 122 


This shows how the obscure rays arc immensely increased as 
the source of heat becomes luminous. 

The proportion of the heating effect of the luminous rays to 
that of the obscure rays varies very much in beams from different 
sources of heat. 

The radiation from an incandescent platinum wire consists 
of 1 part luminous to 23 parts obscure, and from the brilliant 
part of a gas flame 1 part luminous to 24 parts obscure. From an 
arc light the proportion is 1 part luminous and 9 parts ol)Scurc. 

This enables us to understand why it is that various sub- 
stances are diathermanous in such different degrees to radiation 
from different sources. 

Radiant heat is identical with radiant light ; it differs from 
red light as red differs from blue. Just as difterent substances 
absorb rays of light from different parts of the spectrum and so 
have different colours, so different substances absorb some of the 
rays of heat, which sources of heat are radiating, in different 
proportions; for example, glass transmits heat rays from a 
lamp to a considerable extent, but none from a copper ball at 
the temperature of boiling water, because it is opaque to rays 
from the invisible part of the spectrum. 



XI 


TRANSMISSION OF HEAT— RADIATION 


397 


Greenhouses. — The rays of the sun traverse the glass of a 
greenhouse because they are from the luminous })art of the 
spectrum, and they heat the solid objects in the house, the walls, 
floor, etc. 

The obscure rays which these heated objects give out cannot 
penetrate the glass, which is thus ‘a trap to catch a sunbeam.^ 

Absorption. — Whilst the air and the permanent gases offer 
little or no obstruction to the passage of the heat rays, vapours 
as well as liquid and solid substances vary in their diathermancy. 
The question naturally arises, What happens to the heat rays 
which they stop 'I and there is not much difficulty in suggesting 
an answer — the heat rays must heat the substances which stop 
them. For example, the glass of a greenhouse, though it allows 
the luminous portion of the sun’s rays to pass through, stops 
obscure rays and becomes very hot. 

If a plate of rock-salt and a plate of glass be placed alongside 
one another in the hole of a screen through which is passing a 
])eam from an electric arc, the glass becomes hot while the i*ock- 
salt remains cool. It is the same with cells of water and of 
carbon disulphide, the water absorbs the radiant energy from 
the lamp and is heated, the disulphide allows the rays to traverse 
it and remains cool. 

Radiation and Absorption. — The transformation of the heat 
energy into energy of vibration of the light-ether takes place at 
the surface of the hot body. As might be supposed, the char- 
acter, nature, texture, or one might say ‘grain’ of the surface 
affects the amount of energy •which is transformed into vibration. 

For example, it is a well-known fact that radiation takes 
place slowly from bright surfaces : steam - pipes, teapots and 
hot-water jugs, if kept bright, do not lose heat so quickly as dull 
surfaces. 

In common parlance the word ‘ Badiation ’ is used for this loss 
of heat from the surface of bodies, while in more scientific 
language it is used for the ether vibrations themselves. Similarly, 
with the term ^ j4hsorjdimi ,’ — the reverse process, transformation of 
energy of ether vibration ipto heat energy. This takes place at 
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the surface of the body, which is being heated by radiation, and 
the ‘ grain * or texture of the surface affects its power of absorb- 
ing vibrations in the form of heat. A bright body takes up 
less heat from radiation which falls on it than a dull body does. 
The bright fire-irons remain cool for some time after a fire has 
b^en lighted, while a dull black fender becomes intensely hot. 
And this process is called Absorption, so that wo have such a rule 
as this — The absorption and radiation of dull bodies is greater 
than that of bright bodies. 

The reader ciinnot fail to observe that the words ‘ radiation ^ 
and ‘ absorption ^ are not used in the same sense as they were 
used at the beginning of the chapter. They refer to a loss or 
gain of heat at the surface of the body, while absorption was 
applied above to the heat which is received by a substance 
through which radiant energy is passing with more or less loss 
on the way. 

Experiments on the radiation and absorption at different 
surfaces were made by Melloni and by 
Sir John Leslie. Since they both used 
hollow metal cubes filled with hot 
water as the source of heat, such cubes 
are called ‘ Leslie’s cubes ’ or * Melloni’s 
cubes’ by English or French witers, 
as the spirit of patriotism .dictates. 
Leslie’s cube is shown in Fig. 73. 

They are usually made with an 
edge of about 6 in. (15 cm.), and a 
thermometer graduated on the stem 

Fig. 78.--Iie8lift’.icube. . , - i i 

passes through a cork which stops the 
hole through which the cube is filled and emptied. 

Radiation from Surfaces — Radiation from a Imght surface is 
less than from a dull one , — A Leslie’s cube of pewter or tin has 
one of its faces bright ; on one face the metal is smeared with 
grease; one face is painted and one covered with lamp-black. 
,The cube is placed on a stand, the top of which can be turned 
round (Fig. 74) so as to present each face in turn to a thermcp 
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pile. The cube is filled with boiling water, and when the 
bright face is turned to the thermopile the spot of light is 
deflected but little. If a greasy cloth be rubbed over the bright 
tin, or if the greased face be turned to the pile, a smart deflec- 
tion takes place, showing a great increase of radiation from the 
cube. The painted surface causes a strong deflection, but the 
greatest movement occurs when the lamp-blacked surface is 
turned to the thermopile. 

By covering the faces of the cube with different substances 
— cloth, glass, dull sheet-iron, velvet, etc. — and noticing the 



Fig. 74.— UaUiation from different surfaces. 


deflection of the spot of light in each case, substances may be 
arranged in the order of their powers of emitting radiation. 
Lamp-blacked surfaces are Che best radiators and bright metallic 
surfaces are the worst. In such experiments the cube may be 
kept at the boiling point by a steam-pipe led into it. 

The experiment is also conducted with several cubes, with 
their whole surfaces covered with different materials. They are 
all filled with boiling water, and being placed on flannel or cork 
so as to lose no heat by conduction, their rate of cooling is 
observed by reading the thermometers placed in them. Here it 
is assumed that the cooling is wholly due to the radiation from 
their surfaces. 




400 


HEAT 


CHAP. 


The bright meUd cubes cool very slowly, while a cube which 
has been coated with lamp-black cools rapidly. 

Radiation is inde^mdent of colour. — So long as the texture of 
the surface is the same, a difference of colour does not alter the 
amount of radiation. A Leslie’s cube is painted on its four faces 
with paints of the same ‘ surface ’ ])ut of different colours ; it is 
filled with boiling water and placed on the revolving stand. 
No perceptible change is seen in the position of the spot of 
light as the different coloured faces are turned to the thermopile. 

The same may be shown by comparing the rate of cooling 
of different coloured cubes as before. So long as the paint on 
each is of the same ‘surface,’ the thermometers in the cubes 
all continue to show the same i*eading as the water cools ; the 
colour of the paint docs not affect the rate of cooling. 

If a silver and an earthenware teapot be placed on a support, 
at equal distances, and the collector of the thermopile be turned 
to each; the silver pot hardly gives out any radiation, while 
the spot of light flies away to the side directly the collector is 
turned to the earthenware pot ; a glass bottle full of boiling 
water radiates much more freely than a tin or metallic vessel, 
and in all cases it is the material and surface of the Acssel 
which affects the i-adiation from it. 

Absorption at Surfaces. — Just as the texture or gi’ain of 
the surface influences the intensity of radiation from it, so what 
is now to be styled ‘ Absorption ’ — the effect of the vibrations of 
the light-ether in imparting heat to a body — varies with the 
character or texture of the surface. ' 

Absorption is less at a h'iglit surface than at a dull one . — 
Leslie’s cubes, with different surfaces — bright, greased, painted, 
lamp-blacked, etc. — and all containing water at the same tem- 
perature, are placed round a source of heat, such as a heated 
ball or before a fire. In the latter case the cubes should be 
placed in a row on flannel or cork, and be surrounded by a 
meat screen, so that a great deal of heat may 1>e radiated on to 
them. Then if the thermometers in the culies be read con- 
tinuously, a great difference will be observed in the i*ate at 
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which the water in the cubes is heated. The temperature of 
the water in the bright cube rises slowly, and that in the lamp- 
blacked cube faster than in any of the others. From a series 
of such experiments a table may be made, showing the com- 
parative powers of Absorption and Eadiation of different sub- 
stances, and these two tables will be found to l)e identical. 
This shows that — 

Good radiators are good absorbers. 

Bad radiators are bad absorbers. 

Influence of colour on absorption. — Leslie’s cubes painted with 
different colours, but with the same class of surface, are placed 
as l)efore round a source of heat — a heated ball or hot fire 
— all resting on flannel or cork, so that all the heat they 
receive is by radiation. In each is placed a thermometei* 
engraved on the stem, with which the temperature of the water 
can be read without moving the cube. 

Then in this case there is no practical difference in Uie 
readings of the thermometers as they rise — the water in each 
cube is heated at the same rate. 

An experiment which is due to Franklin has led many 
people erroneously to conclude that the colour of substances 
alone influences absorption. Several cloths of different colours 
were laid out on the snow in sunshine, and as they did not 
all sink at the same rate in the snow Franklin concluded 
that they absorbed heat differently because of their difference of 
colour. 

Tyndall devised an experiment to confute this idea. Two 
equal cards are sprinkled, the one wdth powdered alum and the 
other with powdered iodine, and they are placed before a hot 
fire. In a little while, if they are taken up, the one which is 
white with alum is very hot, while that which is nearly black 
with the iodine is comparatively cool. Here a white object 
is heated by radiation which does not heat a dark one. 

The alum is opaque to the ‘ obscure ' rays, while iodine is 
<liathermanous. The heat-rays traverse the iodine, and are 
reflected at the further surfaces of the little crystals without any 
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perceptible heat being absorbed. The alum absorbs the heat 
rays, which cannot penetrate it, and becomes very hot, 

A red cloth is red because it absorbs the green rays ; and 
a violet cloth in a similar way absorbs the radiation of the 
heating portion of the spectrum. 

In this way dark clothing becomes hot, while light clothing 
reflects much of the sun’s rays and remains cool. So long as 
radiation consists wholly or chiefly of obscure rays, absorption 
is independent of. colour, but the sun’s rays, so far as they come 
from the luminous part of the spectrum, are more absorbed by 
dark bodies than by light. 

Radiation and Absorption Compared. — The following ex- 
periment was devised by Ritchie to show the connection be- 
tween Radiation and Absorption. A Leslie’s cube is placed 
on a rest, and at the same height, and with faces equal and 
parallel to those of the cube, are two square boxes connected 
with one another by a glass tube. Some coloured liquid 

occupies the lowei* part of the 
tube, so that with the boxes it 
forms a differential air -ther- 
mometer (Fig. 6, p. 2 7 1 ). With 
this apparatus all the different 
comparisons described above 
may be directly made. But 
the apparatus is speciall}^ suited 
to show the equality between 
the powers of Absorption and 
Radiation of different surfaces. 

The middle box in Fig. 75 
is called a ‘Leslie’s cube,’ as 
that is the form usually adopted for the source of heat. In 
, Lecture- Room apparatus such as that shown in the figure it is 
frequently not made cubical. 

The boxes have their inside faces, the one polished and the 
other blackened. The cube has its opposite faces, the one 
polished and the other blackened. If it be filled with boiling 



Fig. 75.— Ritchie’s boxes. 
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water, and its polished face be turned to the box with blackened 
face and its blackened face towards the polished box, no move- 
ment is seen in the column of liquid. The blackened face of the 
Leslie's cube gives out radiation more freely than the polished 
face, but the blackened box absorbs radiant heat more freely 
than the bright box. Thus the effects are balanced and the two 
boxes are equally heated by the Leslie's cube. This experiment 
was devised to make it apparent to an audience that the powers 
of Absorption and Kiidiation of different substances or rather 
surfaces are practically identical, that is — Good radiators are 
good absorbers. — Bad radiators are bad absorbers. 

If the other two faces of the cube be similar, whether bright 
or painted, and these two faces be turned to the blackened and 
polished boxes, the Idackened box is heated much more than the 
bright box owing to its greater power of absorption. The 
column of coloured liquid in the arm of the thermoscope below 
the blackened box is depressed below the other column. 

The difference between the absorption of radiant heat ^ by 
bright metal and by other substances is very often noticeable in 
ordinary affairs. A new kettle boils slowly, and is much im- 
pi’oved when its bottom gets black. 

The thinnest conceivable coating of metal, gold-leaf for 
instance, protects the wood underneath it from radiation. If 
a board lettered in gold be exposed to radiation from a strongly 
heated source, the part underneath the gold is found quite pro- 
tected when the wood all round is charred and blackened. 

If two thermometers be placed in the sunshine, one of which 
has its bulb clean, the other, if its bulb is blackened, will be 
found to give a much higher reading. Glass, however, is a 
good radiator and a good absorber compared with metal. 

Reflecting Power — Coinj)armn of reflecting powers of different 
substances , — A Bunsen flame or a heated ball is used as a source 
of radiant energy. Different substances are used as reflectors at 
A (Fig. 76), and a thermopile is so placed that its axis makes an 
angle with the reflector equal to that made by the incident rays. 
A double screen is interposed between the source of heat and 
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the theiTTiopile, so that the only rays which reach the face must 
be those reflected by the substance to be examined. 

By comparing the deflection caused by the rays from difterent 
substances, these can be arranged in the order of their relative 
powers of reflection. 

It is then seen that those substances which absorb most reflect 
least radiation. A lamp-blacked surface absoi*bs a great deal of 
heat, and reflects but little. It must, however, be remembered 
that the substance which absorbs well soon becomes heated, and 
then emits radiation freely. The experiment described above 



Ki}^. 7<». — JleMoctioii 

must be done (juickly, so that the reflecting subsbince has no 
time to become heated. 

Distribution of Radiant Energy. — AVhen the vibrations of 
the light- ether reach the surface of any body they are partly 
reflected and partly enter the body. Those which enter the 
body are partly absorbed, that is, transft)rmod into heat-energy. 
If the substance be diathormanous mos.t of them pass on and ai-e 
reflected back from the inner surface. The part of thtmi which 
is absorbed raises the temperature of the body, which then 
emits radiation in turn. So then, there are in all four ways in 
which radiation falling on a body is disposed of, and we see 
that — 

Good absorbers ai-e good radiators and bad reflectors. 

Good reflectors are bad absorbers and bad radiators. 

In adiathermanous substances more radiant energy is reflected 
and absorbed, and little or none is refracted. 




XI 


TRANSMISSION OF HEAT — RADIATION 


405 


In diathermanous substances more is refracted and less is 
absorbed and reflected. 

The sum of the radiation which enters the substance, whether 
absorbed or refracted, together with that which is reflected, must 
be equal to the total radiation falling on the surface. 

Radiation Pyrometer. — A useful application of the laws of 
radiation is due to Professor Fery of Paris. The radiation 
which emanates from a hot body, or which passes out through 
an observation hole in the wall of a furnace, is brought to a 
focus by a concave mirror. In this focus is a thermopile, whose 
temperature is raised by the radiation falling upon it, and the 
rise of temperature is read or recorded by a galvanometer. 

The Stephan -Boltzmann radiation law — The radiant energy 
emitted by a black body is proportional to the fourth power of the 
absolute temperature of the body — has received abundant experi- 
mental support through the widest range within which tempera- 
ture measurements can be made. The graduation of the 
galvanometer scales is based upon this law. It is strictly true 
only of perfectly black bodies, but when the interior of a furnace 
or combustion chamber is nearly at the same temperature 
throughout, the wall, seen through a small hole, is effectively 
black. The temperature reading is independent of the distance 
(see p. 388) ; for example, the reading obtained for the tempera- 
ture of a stream of molten steel was precisely the same — 1200'' C. 
— whether the instrument was set up 3 feet or 60 feet away. 
It is an advantage to be some way off ; also the sensitive part 
of the thermometer is not "raised to destructive temperatures. 

These most interesting instruments arc introduced by the Cam- 
bridge Scientific Instrument Co., to whom this description is due. 

Cooling. — It has been assumed, in speaking of experiments 
with Leslie^s cubes, that cooling is due to radiation, and that the 
rate at which the temperature of the water in the cube falls is a 
measure of the radiation from its surface. 

Convection currents in the air also carry oft* heat, and are 
the greatest cause of cooling. 

In his public experiments with liquid air (19th January 1894) 
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Professor Dewar placed the liquid air in a vessel surrounded by 
a vacuum jacket immersed in liquid oxygen and surrounded by 
a second vacuum jacket. In the vacuumi there eould be no 
convection currents, and conduction of heat was minimised by 
the liquid oxygen. No access of heat was possible except by 
radiation, and this was shown to be very small indeed. 

' Rate of Cooling. — It is a matter of common observation 
that bodies at a high temperature lose heat more rapidly than 
bodies that are cooler. Newton’s Law of cooling is that The 
rate of cooling is proportional to the differeiice letween the temperature 
of the body and its surroundings^ Le, a body at a temperature of 
80° C. cools twice as fast as one at 65° C. in air at 50° 0. 

The rate of cooling depends also on the nature of the surface 
of a body ; the intensity of heat-energy emitted from a body has 
been shown to depend on the nature of its surface. It also 
depends on the substance by which the body is surrounded. 
Adiathermancy in the surroundings would stop radiation alto- 
gether, and more or loss diathermancy assists or prevents it. 

The earth is always being cooled by radiation from its surface 
into space. This would take place without hindrance if the 
earth were surrounded only by air, which is diathermanous to the 
obscure rays from the earth’s crust. But the water vapour in 
the air stops a largo proportion of the radiation, according to its 
degree of saturation. 

Cooling by radiation is made use of in India; for in the 
evening pans of water, exposed to the open sky, cool until they 
freeze. They are placed on deep beds of dry straw, which cut 
off the conduction and radiation from the earth. The tempera- 
ture of the air falls, though it is always above the freezing point. 
Still it is dry, and evaporation proceeds rapidly from the surface 
of the pans, thus lowering the temperature. Eadiation from the 
water into space also proceeds rapidly, and the temperature of 
the water falls so low that the whole of it is turned into ice. A 
high wind would ruffle the water and stop cooling, but a slight 
breeze is favourable to the formation of ice. It will be observed 
that the evaporation and the radiation are both rapid because of 
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the dryness of the atmosphere. Water vapour acts as a cloak 
to the earth, and keeps in its heat. Gardeners can tell from the 
temperature and hygrctnetric condition of the air whether it will 
freeze at night, ^ and on a clear dry night are prepared with 
coverings, often very slight, still sufficient to check the radia- 
tion, and so protect their tender plants. 

Prevost’s Law of Exchanges. — Cooling also depends on the 
neighbourhood of cool bodies. This is not quite the same as 
cooling due to a surrounding substance of a different tcnq^era- 
ture. If in the experiment described on p. 389 a piece of ice be 
substituted for the heated ball in the focus of the mirror, the 
spot of light immediately flies off in the opposite direction, show- 
ing that the thermopile is cooled by the ice just as it was 
heated by the ball. Preimfs Lem of Exchanges is that a body is 
continually radiating energy in every direction, and absorbing 
that which falls on it. Bodies are thus not only 'giving out but 
receiving radiation from neighbouring bodies. If a l)ody and 
its surroundings are at the same temperature, the radiation re- 
ceived balances that given out, and the temperature of tha 
body docs not fall. If, on the other hand, two bodies near 
one another are at difierent temperatures, there will always be 
a tendency to equality of temperature. This is what is proceed-^ 
ing in the case of the ice and the thermopile ; the blackened face 
is radiating more heat than it receives, and the spot of light 
shows a fall of temperature at the junctions of the thermopile. 

Mobile Equilibrium of Temperature. — Hence, both radiation 
and absorption are always going on at the surface of a body. 
When cooling, it is radiating more energy than it absorbs, and 
the converse when it is being warmed. When neither is the 
case, but the body and its surroundings are at the same tempera- 
ture, there is equilibrium between the absorption and radiation. 
But to avoid, in speaking of this continuous flux, the idea of 
rest which attaches to the word equilibrium, the expression 
Mobile Equilibrium of Temperature is applied to a condition of 
equally balanced gain and loss of heat-energy. 
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Transmission of Heat — Conduction and Convection 

Conduction — Conductivity — Conduction in Fluids -Conduction in Solids — 

A^alues of Tlicnnal Conductivity — Method of Fourier and Depretz — 

ConsiM|ucnces of Conduction — Convection. 

Conduction. — In the clefinitioii of temi^erature given at tlio 
beginning of the subject of Heat, the flow of heat from point 
to point is referred to as a matter of common knowledge. It is 
in fact the test of temperature ; heat flows from a point at a 
liigher temperature to one at a lower. Now heat flows in 
various ways, of which one, Radiation, was the su])ject of the last 
chapter ; we can stand before a fire and warm our hands by 
radiation. 

But we can also warm our hands by putting them in 
warm water ; in this case, heat is communicated by contact, 
heat flows from the water to the hand in contact with it ; 
such flow of heat is called Cmuiuctiou. Suppose the water were 
cooler than the hand, the reverse would take place, heat would 
flow from the hand to the water in contact with it. Heat is trans- 
mitted Inj Condm tion when any 'particle of a body is raised to a Idgher 
temperature owing to its contact mth a particle hotter than itself. 

Conductivity. — All substances do not conduct heat equally 
well. If a silver spoon be left in a cup of hot tea the handle 
soon becomes very hot, while if a bone spoon be left in the tea 
its handle is not perceptibly warmed. Metals are very good 
conductors of heat, and when turning a hot tap or removing a 
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kettle from the fire, a piece of woollen, cotton or other suh- 
stanco which conducts heat badly is used, to avoid burning the 
hand by contact A\dth the metal. 

Conduction in Fluids. — If a piece of ice ])e weighted and so 
kept at the bottom of a long nai-row test tube filled with water, 



the water at the upper part of the tube may be boiled over a 

s[)irit lamp or gas flame without the ice being melted (Fig. 77). 

The experiment shows 

that water conducts 

heat badly. It is very 11. ^ 

diflicult to estimate the 

conductivity of liquids • 

or ^ gases because t^^ ^ 

rents may be avoided to 

a certain extent by heat- ’ _ ~ . - 

ing a liquid from the 

A , Fig. 78.— Conduction of water. 

top as above. 

Again, a thin copper vessel is provided with eai*s which rest 
on the sides of a beaker of water (Fig. 78). In the beaker 




Fig. 78.— Conduction of water. 
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is a thermoscope with one bulb higher than the other, and when 
all is at the same temperature the position of the liquid column 
is noted. The copper vessel is then filled with boiling oil or 
water and the Avator underneath is heated by conduction only. 
The th(^rmoscope shows no movement for a long "^hile, shoAving 
that water is a very bad conductor of heat. 

A similar experiment may be made with other liquids, or 
with gases, but in gases it seems impossible to avoid convection 
currents. Besides this, liquids and gases spread against gravity 
by diffusion (see Properties of Matter, p. 144), and this must 
lie allowed for in observations of conductivity of fluids. 

Conduction in Solids — Ingeniiousz Trough. — A long cop- 
per trough has several short tubes projecting from it near the 
Ijottom, into Avhich corks are inserted. Thi’ough the middle of 

each cork passes a rod of 
metal, slate, glass, or other 
substance, one end of Avhich 
projects into the interior of 
the trough (Fig. 79), and- 
the other end extends about 
8 or 10 inches outside. 

The outer part of these 
rods is dipped in paraftin 
wax, which melts at 1 40® F. 
(GO'" C.) and cooling on 
them forms a solid wax 
coating. When the trough is fiUed Avith l)oiling oil the heat 
floAVS along jbhe bars by conduction and melts the wax. The 
experiment is meant to shoAV the relative conductiAnty of difter- 
ent solids. The wax melts probably to the end of the copper 
bar, which sIioaa^s that copper is an excellent conductor of heat, 
and the same would be the case with silver if the laboratory were 
extravagant enough to provide a silver rod. The Avax on the 
brass and iron melts for some distance ; on glass and slate for a 
very short distance, and on wood only so much as is melted by 
the radiation from the trough. Except in the case of the best 
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conductors, the heat is radiated or earned olF by the air more 
easily than conducted along the rod, and so the end does not 
reach the molting temperatm-e. The ends of the rods in Fig. 79 
are fashione^ into cups, a familiar adaptation to Lecture-Room 
needs. A small piece of phosphorus is placed in the cup, which 
ignites when the temperature of the rod rises sufficiently, as in 
the following experiment. 

Ring of Metals. — Four flat bars of different substances, e,g, 
copper, iron, zinc and slate, arc fastened as radii to a wooden ring, 
so as not to touch one 
another at the centre ^ 

(Fig. 80). They can 

then all be heated by 
a gas burner at the 
centre and the heat 

will flow along the bars. 

In a cup ^ at the outer 
end of the bars is a 

small piece of phos- Fi« «o. utogofm,.tui«, 

phorus which ignites on 

the l)ar reaching a temperature of abo\it 111“ F. (44“ C.). The 
phosphorus at the end of the copper bar soon ignites, followed 
by that on the brass ; later that at the end of the iron bar 
lights, but that on the slate never reaches the temperature of 
ignition. This experiment, like that with the Ingenhousz 
trough, is meant to show relative conductivity plainly and 
roughly to a class. Before describing any more exact deter- 
minations of the power of substances to conduct heat a defini- 
tion of thermal conductivity is required. 

Values of Thermal Conductivity. — The Thermal Con- 
ductivity OF A Substance iUe number of thermal units which 
pass per unit of surface per unit of time through a slab of unit 
thickness^ whose sides are kept at a temperature differing by one 
degree. 

In the rough experiments given above the apparent value 
of the conductivity is influenced by the specific heat of the 


412 


HEAT 


CHAP. 


substances. If the specific heat of a substance is comparatively 
large it takes some time for the heat to flow along it, because a 
greater cpiantity of heat is required to raise a certain portion 
though one degree of temj)craturc. An experiment of Tyndall’s 
illustrates this. 

The thermoj)ile is laid on its face and small cylinders of 
various substances, say 2 inches high, and of the same diameter 

as the face of the ther- 
mopile, are provided for the 
expeiinient (Fig. 81). 

A cylinder of iron of 
the same diameter is used 
for the source of heat after 
being immersed in boiling 
oil. 

Each substance is laid 
on the thermopile in turn, 
and the hot iron placed on 
it. Then the time which elapses before the spot of light moves 
shows how long it takes for the heat to traverse the substance. 
This is a veiy short time in the case of cop})er, brass, iron, etc. ; 
l)Ut with "wood, stone, glass, etc. no heat sufficient to cause a 
motion of the spot of light is able to flow through them to the 
face of the thermopile. 

But the experiment does not really decide the value of the 
thermal conductivity of substances. Take a cylinder of bismuth 
and place it on the thermopile; f)lace the hot iron on it and 
note the time taken by the heat to reach the face of the 
thermopile, then take a similar iron cylinder, the time is greater. 
From this an erroneous conclusion would l)e drawni that bismuth 
is a better conductor than iron. The iron is in fact a much 
better conductor than bismuth, but the specific heat of iron is 
more than three times that of bismuth, so that it requires more 
than three times the quantity of heat to raise the iron than it 
does to raise the bismuth through one degree of temperature. 

Consequently, in the Ingenhousz trough, more rapid melting 



Fig. 81 .— Coinluctioii iiiul Hpp<!ific heat — 
TyiKlull’s oxi)eriiiieiit. 
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of wax on a rod does not show it to be the better conductor, 
but what does show it is the greater length to whicli the wax 
is melted when the flow of heat and its dispersion is steady. 

Method of Fourier and Depretz. — This mode of determining 
the value of *tlicrmal conductivity depends on the measurement 
of the steady flow of heat along a bar, which is what tlie defini- 
tion contemplates. 

Equal bars of various substances arc provided with small 
cavities at equal intervals, which may form mercury cups. These 
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l>ars ai'c heated at the extremity by a spirit lamp and ther- 
mometers dip into the mercury. 

The exijeiimental rod and a stjindard rf)d of pure coiij^cr 
both butt into an iron junction-piece filled with solder, which 
is kc})t melted by a Bunsen burner and serves as a source of 
heat. When the burnei* has been lighted some time the 'whole 
is in a steady condition, and readings of all the thermometers 
show the flow of heat or the rate at which the temperature 
decreases along the rods. 

Fig. 82 shows a Lecture -Room arrangement of half the 
experiment. The junction piece and the standard rod do not 
appeal*, but the figure may illustrate the experiment. 
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Independent experiments must be made with the rods to 
determine the quantity of heat which they lose per second from 
each unit of surface at each temperatui-e. This is done by 
heating the whole of each bar to the temperature of the melted 
solder, and then noting the time which it takes to cool at each 
temperature. It will be seen that calculation from these data 
will give the quantity of heat which is flowing along the bar 
and crossing a given section of the bar in each second. The 
standard bar serves to regulate the conditions of the experiment 
so that they may be the same when each of the rods is experi- 
mented on. 

Consequences of Differences in Thermal Conductivity. — 

The story runs that a young bride, among whose wedding 
presents was a silver teapot, was anxious that her friends should 
realise, in these days of electro-plate, that it was the genuine 
article, and so she occasionally let her fingers touch it absently, 
hastily exclaiming ‘ Oh dear I how hot real silver is 1 ^ And so it 
is, if its conductivity be compared with its rival, German silver. 
Hence whilst a silver teapot loses less heat by radiation than 
an earthenware pot, still it loses heat by convection, and more 
than a cooler pot would. Also, according to Newton^s Law of 
cooling, it loses more heat than a cooler pot, so perhaps the 
ladies are not wrong after all in putting a non-conducting woollen 
‘ cosy ’ over their teapots. 

The non-conducting properties of animal and vegetable 
substances are made use of in handles for hot vessels, and in 
clothing the body with flannel or Jaeger clothing. Clothing main- 
tains next to the body a coating of air which is at the tempera- 
ture of the body, and so avoids its cooling by radiation, evapora- 
tion, or convection. Again, wisps of straw are wound round 
trees and pipes to keep them from losing heat in a frost; ice 
is packed in flannel or sawdust to prevent heat from reaching 
dt. Steam -pipes and boilers are coated with hair-felt and bone- 
meal or asbestos packing to keep them from losing heat. 
Asbestos is a fibrous silicate and is a bad conductor, for the same 
reason as fur or feathers. The fibres are bad conductors, and 
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there are interstices between the fibres over which the heat does 
not pass by conduction. Fur or down keep the heat of the 
body from escaping. A swan or duck will fioat for hours on 
water little above the freezing point, its feathers and down 
prevent its heat from escaping to the water. 

Water may be boiled in a paper bag ; the heat is conducted 
through the paper so that the temperature of the paper is never 
much above the boiling point. A cylinder is built up, half of 
wood and half of copper ; now if this be wrapped round with 
paper and held over a lamp the paper next the copper remains 
whilst that touching the wood is burned. The copper, being a 



Fig. 83. — Flame and gauze. 


good conductor, carries off the heat of the flame, and the paper 
remains cool, while the wood leaves the paper to its fate. 

Davy Lamp. — If a sheet of wire-gauze be held oyer a gas 
flame, the flame does not pass through it ; again, if the flame 
be extinguished the gas comes up through the gauze and may 
be ignited at the top ; the flame will not go down to the burner 
(Fig. 83). Both of these experiments illustrate conduction, for 
the heat of the flame near the gauze is distributed by the wires, 
and the temperature of the gauze on the side away from the 
flame is not high enough to cause combustion. 

This is used in the Davy lamp, an invention which affords, 
some security to miners. They are in danger of explosion and 
fire from ignition of the dust of the mine or from the sudden 

2 K 
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appearance iii the workings of coal-gas, liberated hy the pick 
from some cavity in the coal. The gas is poisonous, but it is 
also explosive when mixed with air. In the Davy lamp the 
flame of an oil lamp is shrouded in wire- 
gauze (Fig. 84) ; and if gas be present it 
burns inside the lamp with a dull blue 
flame. This is a warning to the miner 
to leave the workings till ventilation has 
restored the atmosphere to a safe condition. 
For the reason illustrated in the" experi- 
ments above, the flame will not pass through 
the gauze unless there is some fracture, or 
unless the flame is forced through by some 
shock, such as blasting, or from the lamp 
being swtmg or carried rapidly. Modern 
lamps have glass opposite the flame, with 
wire-gauze above and below the glass. Such 
a lamp gives better light, but it is owing to 
the invention of Sir Humphrey Davy that 
it is used with safety in places where a 
naked light could not be safely employed. 

Convection. — Heat may also be trans- 
mitted from place to place in a fluid by the 
actual motion of heated' particles, and this is called Convection. 
The fluid is heated by conduction and becomes lighter, so that 
it rises as a result of its expansion, arid carries off the heat with 
it This subject is discussed in* connection with expansion in 
Chaps. II. and III. 

As there described, the great ocean currents, as well as' the 
steady and variable winds, which are so important to the sailor, 
are all of them convection currents on a large scale. 

It is of the very essential character of heat that it should 
spread in all directions, until an equilibrium of temperature is 
attained, and this is always going on. 
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PREFATORY NOTE 

Thk chapters on Sound have had the great advantoge of Lord 
liayleigh’s criticism. Tlie author is also very gi*ateful to Dr. 
C. H. Lloyd and Mr. A. M. Goodhart, who have read through 
the proof-sheets and made some valuable suggestions and cor- 
rections from a musical jK)int of view. He is indebted to Sir 
Walter Parratt for some valuable information on the subject of 
Resonance. The chapters on Light owe much to Mr. R, T. 
Glazebrook’s lectures ; and in this subject the author’s special 
thanks are due to the Rev. R. 11. Whitcorabe for his careful 
reading of the proof-sheets and for his suggestive comments on 
them. 




WAVE MOTION 

CHAPTER I 
Harmonic Motion 

Wave Motion on Water — Motion of a Disturbance — Medium necessary — 
Periodic Motion-Simple Harmonic Motion— Composition of S.H.M. 
with Rectilinear Motion — Vibrations of a Rod — Composition of two or 
more S.H.M. 's — Wave Forms resulting therefrom — Vibrations of a 
System of Particles— Waves in Water — Fourier's Theorem — Resolution 
of Complex Periodic Motions. 

Wave Motion. — We are all familiar with the effect produced 
by dropping a stone into a still pond. The surface of the pond 
is covered with circular wavelets widening out from the central 
point where the stone fell. Does the water reallj move outwardsi 
from this centre? We can decide this for ourselves by noticing! 
the motion of some leaf or piece of stick on the pond. As a 
circle reaches it, it rises an(^ again falls. But it does not move 
outwards with the wavelet ; it keeps its old place in the pond. 
This tells us that the water itself is not moving outwards from 
the point where the stone fell ; for if it were, the leaf would move 
with it. The ^lOtion consists in each portion of the pond’s surface 
in turn rising and falling with a slight motion from side to side. 

Watch a river when the wind is blowing up stream. The 
motion of the wavelets will give the impression that the stream 
is flowing backwards ; but observe a bubble on the surface, and 
it will be found to be moving steadily down stream, rising and 
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falliug as it meets each wave. A person in a small boat^ or 
swimming in the sea, will notice the motion imparted to the boat 
or to himfelf, by each successive wave. Let the reader imagine 
himself in the trough between two wave-crests facing the advan- 
cing wave. As it comes, he is carried forw^ards and upwards until 
half-way up its face. Then the forward motion ceases, and a 
backward and upward motion follows until he is on the crest of 
the wave. The ]>ackward motion continues till he is half-way 
down the slope of the retreating wave, and he is then carried 
forwards again, but still downwrards, till he is once more in 
trough. He has in fact described something like a circle, and 
his movements have been copied from every portion of the^ 
surface of the sea in front of him, and will be copied by evety 
portion of the surface of the sea behind him. The steady 
onward movement of the waves is not an onward movement of 
the water. What we see moving onwards is a state of things, a 
shape, a wave form. 

Lay a rope out straight on the ground. Give a sudden jerk 
to one end of the rope, and a wave will travel along it, caused 
by each portion of the rope communicating the jerk to the next 
portion. Another familiar instance of waye-jEiptipn is given by 
a barley field in the wind ; but here it must be noted that the 
effect is produced by the air acting on each barley ear in turn, 
not by each ear forcing its neighbour down. 

Motion of a Disturbance. — We have in the preceding article 
spoken of the motion of a state of things as distinct from the 
motion of a material Ijody. To raj^ke this distinction clear, let 
us imagine a royal procession passing along a crowded street. 
With the moving carriages we may notice the movement of a 
disturbance among the crowd, first one man cheering and waving 
his hat, then the man next him, and this state of things travelling 
along the crowd parallel with the moving procession. We 
describe it by saying that a wave of excitement travels along the 
crowd at the same [lace as the carriages. It should be noted 
also that the presence of the crowd is necessary for the passage 
of the wave of excitement, in the same way that a wire is 
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necessary for the transmission of a telegraphic message. In the 
absence of a crowd no excitement could travel. The crowd is 
the medium which transmits the excitement. ^ 

In previous instances we have had water, a rope, a barley 
field acting as imdia for the transmission of a disturbance. We 
may mention here tliat sound is an example of a disturbance of 
this kind, and that sound cannot travel without some medium, 
some material substance, such as air, or wood, to transmit it. 
In the case of light we have, in the universal opinion of men of 
science, another examjde of wave motion; and as light can 
travel from the sun and stars to us, it follows that inter-stellar 
space must be filled with some nudimi capable of ti-ansmitting 
the disturbance which, when it affects our eyes, we call Light 
Periodic Motion. — Swings, Oscillations, Vibrations , — We notice 
the leaf on the pond bob up and down with each wavelet in turn. 
It is necessary therefore to consider the nature of this movement 
before proceeding to consider the wave as a whole. The motion 
of the leaf, if we neglect the slight sideways movement, is an 
oscillation up and down, above and below the position it occupies 
when the surface of the i)ond is still. 

Or taking the sideways motion into 
account, we may say that the whole 
motion of the leaf is a periodic 
motion. By })eriodic motion is meant 
a motion which continually returns 
to the same condition after equal 
intervals of time. The Iqngth of 
these intervals of time is called the 
^perml of the motion. Oscillations, 
vibrations, swings, are other names 
for instances of periodic motion. 

The simplest and most familiar in- 
stance we can take is a pendulum. 

A heavy ball A hanging by a string from a fixed support C 
represents a Simple Pendulum (Fig. 1). When at rest it hangs 
vertically under the force whiqh gravity exerts on it — ^its weight. 
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Now, if it be pulled to one side and let go, its weight pulls it back 
to its first position, but in doing so, communicates enough speed 
to carry the ball past its lowest position, and to a distance on the 
other side which, but for the resistance of the air, would be 
equal to the first displacement. Then the ball swings back 
again, each swing or oscillation being ‘damped’ by the air. 
If the times of the swings be noted, it will be found that they 
are equal. This is approximately true even when the arc of the 
swing AB is large. 

Simple Harmonic Motion. — Uniform motion in a circle may 
be obtained by making the ball of the pendulum swing in a 




Fig. 8. — Simple haniionic inottuii. 


circular path. We have then what is known as the coniatl 
pendulum, because the string describes a right circtilar cone. If 
we view the motion of the ball from a jx^int vertically above or 
below the point of support C, we shall see it move in a circle ; ^ 
but if our point of view is from the side, the ball will appear to 
describe an ellipse (Fig. 2) ; and if we lower our eye into the 
plane AA^A^, it will seem to move backwards and forwards in 
a straight line. The apparent motion of the ball will then be 
nearly a Simple Harmonic Motion, approaching it more closely 
as the observer’s eye is withdrawn farther. This can be better 
exidained by the accompanying figure (Fig. 3). 
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Divide the circular path into sixteen equal parts. As the 
ball moves from A to B it will appear, to an eye far enough oif 
in the direction S, to move from A to P. As it moves from B 
to C, the apparent path will be from P to Q, and so on. It can 
easily be seen that the distances AP, PQ, QR, etc. (which corre- 
spond to equal arcs on the circle, and therefore to equal periods 
of time), are larger as we approach 0. The ball will appear to 
stop at the points A and L, and to be moving most quickly as it 
passes through F and Fj. The apparent motion in the path 
APQROSTVL, and back again, forms what is known as a Simple 
Harmonic Motvon, 

The length OA or OL of the apparent half-swing is called 
the amplitude of thj motion. The simple pendulum (see Fig. 1) 
very nearly moves with Simple Harmonic Motion when the arc 
AB of the swing is small, or when the string AC is long, so that 
the path AB of the ball of the pendulum differs little from a 
straight line. In this case, half the length AB is the amplitude 
of the swing. 

The period of a Simple Harmonic Motion is the time of a 
complete swing backwards and forwards : or more precisely, the 
time which elapses between the passage of the moving body 
through one particular point, and its next passage in the same 
direction through that point. Thus, in Fig. 3 the period is the 
time it takes for the ball to move right round the circle, e,(/. 
from C to C again, which in the Simple Harmonic Motion corre- 
sponds to the interval of time between two consecutive passages 
through Q in the direction EW. 

The phase of the moving particle at any particular instant is 
the fraction of a period that has elapsed since it last passed 
through the central point in the positive direction. Thus in 
Fig. 3, if we ti$kke the instant that the particle appears to pass 
through 0 in the direction WE as the point of tfme to measure 
from, then when it passes through A its phase will be a quarter 
of a period ; when it passes througlf Q in the direction EW its 
phase will be | of a period, and so on. 

Compoaitloii of a Simple Hamonic Motion with Uniform 
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Rectilinear Motion. — If we replace the ball of the pendulum 
(Fig. 1) by a funnel with a narrow outlet carrying sand, the 
pendulum will leave its trace on the table below it in tlie form 
of a deposit of sand in a straight line. The sand will be thickest 
at the ends of the line where the j)endulum is moving most 
slowly. If now we make the whole pendulum with its support 
move uniformly in a straight line at right angles to the plane 
of tlie swing ; or, what comes to the same thing, and is more 



easily carried out, if we slide a board along underneath the 
})endulum uniformly, and at right angles to the plane of the 
swing, the sand will be deposited on the lx)ard in a >vavy line, 
which is very approximately wdiat is known as the curve of 
sines (see Fig. ‘4). 

Vibrations of a Rod. — Take a straight steel spring, or a 
uniform strip of pine wood, and fasten one end in a vice* Now 
pull the other end aside and let it go. The spring will vibrate 
and the motion of each part of it Mrill be harmonic, as that of the 
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pendulum, though more rapid, i.e, of a smaller period. That 
the motion is harmonic can be shown by fastening a small 
camel’s hair brush dipped in ink to the free end of the spring, so 
as just to touch a strip of cardboard. Then set the spring 
vibrating, and draw the cardboard rapidly and uniformly along 
in the direction of the length of the spring, and the brush traces 
out a simple harmonic curve. 

AOA^ is the path of a particle moving in Simple Harmonic 
Motion. 01), DC, Cll, BA, etc. are the spaces which it describes 
in intervals of of a period each. Now communicate to the 
central point 0 a uniform motion in the direction OX, and let 



Fij?. fi.—Cun’O of sines 

Oa, ab, be, etc. be the spaces (equal, since the motion is uniform) 
travelled in intervals of -,V ^ period. Then the corresponding 

positions of the moving particle are given by the dots which all 
lie on a wavy curve, known as the curve of sines, or Simple 
Harmonic Curve. It is called the Curve of Sines because the 
distances Oa, Ob, etc. along the line OX are proportional to the 
angle described in the corresponding circular motion, while the 
distances of the moving particle above and below that line are 
proportional to the dne of the angle described. 

Notice that if 'w e have a line of particles at O, a, b, c, d, etc., 
each describing the same Simple Harmonic Motion, but each 
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particle ^ period ahead of the next one in phase, we shall 
have a wave form of the exact shape of that shown by the dots 
in Fig. 5, and the wave will move uniformly in the direction 
OX. The distance (dd') between the crest of one wave and the 
crest of the next will be traversed by the w^ave form in one 
complete period. This distance we call the wave length. The 
time taken in describing this distance is the time each particle 
takes to make a complete oscillation. 

Particles one w’ave length apart, as, for example, f and f', 
are in the same phase, 

Ck>mposition of two Simple Harmonic Motions. — If a particle 
have at the same time two different Simple Harmonic Motions 
we can find the resulting motion. To take a few simple cases 
first : — 


1. When the two motions are in the same direction, in the 

same phase, and of the same 
amplitude, the resultingmotion 
will be a Simple Harmonic 
Motion of double amplitude. 

2. When the motions are 
in the same straight line and 
of the same amplitude, but 
differing in phase by half a 
period, the result wdll be rest. 
Thus, in Fig. G, if one motion 
alone would cause the particle 
ifD be at A and the othermotion 



CompORition of two Kiiuple Imrmonic inotionH. ‘^lunc at Aj, the result WOUld 

be rest at the point 0. 


3. When the motions are of the same amplitude and phase, 
but at right angles to one another as AOAp BOBj, the resulting 
motion will be in the line POPj. 

4. When the motions are at right angles and differ in phase 
by I period, the result will be circular motion. Thus if one 


motion is at its greatest elongation A while the other is at its 


mean position, the particle will move in the circle ABA^B^. 
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5. If the motions differ in phase by some other fraction of a 
period, say the resulting motion will be elliptical, shown in 
Fig. 6 by the dotted curve. 

Composition of Simple Harmonic Motions of Different 
Periods. — This can be done very effectively by means of a com- 
pound pendulum, such as is shown in Fig. 7. The two^ strings 
AC, BC are of equal length, and from C a single string supi'>orts 
the weight D. Now, if the weight be pulled aside in the plane^ 
ABC, it will swing about the point C so long as AC and BC 
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remain tight. But if the weight be pulled aside out of the plane 
ABC (i,e, the plane of the paper) and perpendicular to it, it will 
swing about the line AB, and the time of its swing will be as if 
it were suspended by a single string DE. Now if the weight be 
pulled aside obliquely, it will have two swings of different periods, 
depending on the lengths DC and DK The period of the swing 
of a simple pendulum is proportional to the square root of the 
length of the string ; so if we arrange that DE = 4DC, one of the 
periods will be double that of the other. Now if the weight be 
a funnel filled with fine sand, as in Fig. 4, the sand will be 
deposited in a parabola in this case. The two swings can be 


430 


AVAVE MOTION 


CHAP. 


adjusted in any ratio, eacli change resulting in a different curve. 
An ingenious form of compound pendulum has been devised by 
Mr. Goold ; there is a single point of support, and tlie pendulum 
itself carries a flat board, on which a piece of paper or card- 
board can be stretched. Beneath the board is suspended another 
weight/ whose distance from the board can be adjusted. Instead 
of carrying sand, the paper on the board swings underneath a 
fine pen balanced on a side table so as to be always in gentle 
contact with the paper. In this way a j>ermanent record can 
be obtained of the beautiful curves described in the complex 
swings of the instrument. A reproduction of one of these 
curves is given in Fig. 7. 

Wave Curve, the Composition of two Simple Harmonic 
Curves. — We have shown in Fig. 5 the curve produced by coin- 




Fig. 8^. — SuiM»r[i08ition of two wav»*« in phaws. 


pounding a Simple Haraionic Motion with a unifoun motion in 
a straight line. The same constniction wnll help us to see the 
effect of two Simple Harmonic Motions impressed at the same 
time on the same particle. 

Two Simple Harmonic Motion.^ of the same period and phase, 
Viut of different amplitude, give wave forms represented hy the 
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dotted curves in Fig. 8 a. The resulting motion will be repre- 
sented by the plain line, in which the displacement at any point 
is the Slim of the other two displacements. When the two 
motions difter in phase by a half period, the resulting motion 
will give a curve whose displacement at any point is also the 
algebraic sum of the two component displacements (Fig. 8yS). 

In Fig. 9 the two thin lines AB and AC show the curves 
representing two Simple Harmonic Motions of diflerent period, 
the jieriods being in the ratio of 2 to 3. They start in the 
same phase at A, and, after two of the longer or three of the 
shorter waves, they are in the same phase again. The dark line 
gives the resulting motion (see Sound, p. 493). 
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Vibrations of a System of Particles — Wave Motion. — It 

was mentioned on p. 428 that w’here we have a system of particles 
in a line at equal distance.s, and each particle describes a Simple 
Harmonic Motion, but each particle is a fixed distance ahead of 
the next, the result will be that a w'ave form, a Simple Harmonic 
Curve, will appear to move steadily along. Also, if each particle 
performs one of these composite movements that we have been 
considering, the wave form will be the corresponding complicated 
cUrve and will appear to move steadily along in the direction 
of the line of particles. 

Waves in Water. — Suppose ^^e have a string of particles, 
each describing a circle uniformly and in the same direction, 
blit each particle 30*" ahead of the next. The positions of the 
particles are shown in Fig. 10. Notice that the radius in each 
circle is 30® further round than in the next. The phases then 

differ by of a period = The wave form is shown 

by the dotted curve and travels from left to right as the 
particles move round in their circles. Notice also that the crest 
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and trough are not of the same size and shape, as in the case of 
the Simple Harmonic Curve, but that the crests are narrow and 
the troughs broad. Tliis is what we notice in the case of waves 
in water, and corresponds with the facts noted on p. 422. 

If the circles described by each j>article are maile larger, the 
crests will be made narmwer still ; and in the case of water 
waves, we shall have the crests breaking into foam if the circle 
is sufficiently increased. 
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Fourier’s Theorem — Resolution of Complex Periodic 
Motions. — We have dwelt at some length on Simple Harmonic 
Motions and the methods in which they may lie comiiounded, 
and have seen the great variety and complexity in the resulting 
periodic motions. Conversely it ciin be shown, and has been 
shown by Fourier, that any complex perifalic motion can be split 
up into a definite number of Simple Harmonic Motions. To take 
a simple and important cas(», the converse of proposition (3) on 
p. 428 tells us that any Simple Harmonic Motion can be split up 
into two at right angles to each other. ’ 



CHAPTER TI 

Waves 

S3’stem of Particles connected with each other — Jerking a Rope — Velocity of 
Wave — Transverse and Longitudinal Vibrations — Waves of Compression 
— Graphic Mo<le of Representing them — Circular Waves — Primary and 
Secondary Waves — Spherical Waves — Plane Waves— Reflection and Re- 
fraction — Energy of Wave Motion — Interference — Rectilinear Propagation 
of Waves— Wave Passing through A|)erture — Notion of Rays — Fermat’s 
Law of Least Time. 

System of Particles connected with one another — A Rope. 

— To return to the case of a rope lying on the ground. Jerk 
one end of the rope. The end of the rope being displaced carries 
after it the portion of rope next to it. This in turn affects the 
next, and thus we have the whole length of the rope affected by 
the simple jerk given to. one end ; but not all at once, for the 
rope is not rigid and inextcnsible, and the transmission of the 
action requires a certain amount of time. If the* rope possesses 
uniformity in w^eight, thicltness, and ehvsticity throughout, the 
action will be transmitted at a uniform rate throughout. The 
accompanying figure (11) wdll give some idea of the nature of 
the motion. AB is a string of particles connected by elastic 
bands. In (1) they are at rest. In (2) a jerk hajs been given 
to A, and by the time it has reached its greatest displacement, 
the jerk has been transmitted along the string as far as C. In 
(3) C has reached its greatest displacement or elongation, but 
now A has returned to its original position, and the disturbance 
has just reached D. If only one jerk is given to A we have only 
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a solitary wave transmitted along the string ; but if A has im- 
parted to it a succession of jerks or a Simple Harmonic Motion, 
we have a series of complete waves transmitted along the string, 
as shown in (4). 

Velocity of Propagation. — 1i should be again noted that 
the time taken by one particle, siiy A, to make one complete 
swing coincides exactly with the time taken for the movement 
to be transmitted one complete wave-lengtli along the string. 
Now, sup]>ose the connection betwecui the particles in Fig. 1 1 to 
be such that each is always the same fraction of a period l>ehind 
its predecessor, e.t/. suppose I> to be always a half wave-length 
behind A. Then the wave will always have the same shajie, no 
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matter how fast A moves. If A moves twice as fast, the sluipe 
of the wave will be the sjiiiie, but the wave will l>c transmitle<l 
twice as fast. On the otlicr haml, if the connection between tiie 
particles is de[>ondent merely on the distance Iku ween them, then 
if A moves twice as fast, A will l>e back in its old jnisition by 
the time the disturbance has reached C, and the wave-length 
will lx‘ half wdiat it was, though the velocity of pro{Kigation will 
remain the siime. 

Transverse Vibration. — In the case we have just l>een con- 
sidering, the wave was traftstiiitte<l along the string of particles, 
while each {uirticle vibrate*! in a direction at riglit angles to the 
string. Such vibrations are said to be tranmm to the direction 
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of propagation of the wave. The vibrations of the medium 
which transmits light are l)elieved to l>e transverse to the direc- 
tion of propagation of tlie light. 

Longritudinal Vibrations. — Take a number of glass marbles, 
or billiard balls, and place them in contact in a groove (Fig. 12). 
Roll the end one A up against B. Instantly, to all appearance, 
the shock will be transmitted, and the ball at the other end 
will start ofl’ by itself. What hfippens ? The balls possess 
elasticity of Rha[)e, that is to say, when knocked out of sha{>e 
they return to their original shape again. B is momentarily 
compressed into the form .shown by the dotted line in Fig. 12 a; 
it then recovers itself, and in so doing compresses C, which in 
turn recovers and transmits the coni[)ression to !>, and so on. 
In this way a wave of compression travels along the balls and 
the line of compre.ssion coincides with the line in which the 

Fig. 1*J.— liow of ela.stio Italls. Wuw of eompivssiou. 12 a. 

w^ave is projmgated, Le, the line joining the centres of the balls. 
The motion is not instantaneous ; for each ball takes time to be 
compressed and to recover itself, and the velocity of propagation 
can be measured : but the velocity is great compared with the 
velocity wdlh which A rolled up against B. This can easily be 
shown by having a second groove alongside the groove containing 
the row' of lialls in contact, Ihc second groove to be clear. Start 
two balls simultaneously at the same pace, one along each groove, 
and note that the ball H will start wdth the shock long before 
the ball in the clear groove lias come up level with the position 
originally occupied by H. 

Waves of Compression and Rarefaction. — LmigUudiruil 
Vibratimis coidmued, — Fig. 13 {a) represents a row of particles 
which possess elasticity of volume. By this we mean that 
force is necessary to bring any two closer together, and that 
when two are brought closer together they display a tendency to 



436 


WAVE MOTION 


CRAP. 


return to their original positions. Now push the end particle up 
against its neighbour ; a resistance will be offered, and it will be 
forced back again. If the push is repeated at regular intervals, 
the first particle will vibrate in the line of the push about its 
original |)osition. But since action and reaction are equal and 
opposite, the first particle has pushed on the second at the same 
time that it was pushed back by the secoud, and so the push has 
been transmitted down the line, and we have a state of things 
shown in Fig. 13 (fi). In the regions marked P, the particles are 
jostling closer together. Tiiese are the regions of compression. 
In the regions marked R, the particles arc farther apart than 
ordinarj’, and these are the regions of rarefaction. The distance 





i/5) 


- ( 7 ) 

-Gniphical methcid of repnii^ntin)? wavfts of comprpfwiion. 

PP is one wave-length, and the disturbance travels one wave- 
length in the time taken by each particle to oscillate alK)Ut its 
mean position. The vibrations being in the line of propagation 
of the waves, instead of across it, are said to be hngitmliiml 
Graphic Method of Representing Longitudinal Waves. — To 
represent wave motion in which the vibrations are longitudinal 
by means of a figure, it* is possible to draw a series of dots or 
lines close together in the regions of greatest compression and far 
apart in the regions of greatest rarefaction, the closeness of the 
dots or lines being a measure of the compression at each part 
(Fig. 13) ()8). Such figures are troublesome to draw, and even if 
eorreetly drawn give to the eye an inadequate idea of the different 
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degrees of compression. We therefore make use of a wavy line 
as with transverse vibrations, the distance of any point of the 
curve above or below the mean straight line being a measure 
of the degree of compression or rarefaction at that point. 
Thus in Fig. 13 (y) the wavy line typifies the motion shown 




Fi«, 14.— Trims voni«5 aiul longitudinal waves. 


ill 13 (y8), the parts of the curve above tlio dotted line corre- 
sponding to regions of compression, and those below to regions 
of rarefaction. 

It is important that the student should observe for himself 
the actual progress of wave forms, both transverse and longitu- 
dinal. Let him cut in the edge of a sheet of paper a number 
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of very narrow slits, say an inch long and the eighth of an inch 
apart, and lay the fringe so obtained over a thick wavy line such 
as that shown in Fig. 14 (a) Wherever a slit crosses this line 
a black dot will apj>ear. Now let the wavy line be drawn from 
left to right under the fringe of slits, ik^ch black dot will move 



up and down in its place, while the wave form moves steadily 
from left to right. The movements of the particles represented 
by the black dots are tranmm to the line of propagation of the 
wave. The progress of a wave of compression may be observed 
by«mean8 of Fig. 14 (/3). Cut a narrow slit four inches long in 
a piece of paper, and lay the slit across the bottom of the figure. 
A row of black dots will be visible through the slit. Now slide 
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the book downwards underneath the slit, so that the line of the 
slit travels up the page. The regions of compression and rare- 
faction w'ill travel along the slit from left to right ; but if the 
eye is fixed on one particular dot, its motion will be seen to be 
a simple vibration from side to side in the line of the slit. Such 
is the nature of longitadinul vibi’ation. 

Circular Waves. — When a w^ave travels along a string of 
particles, each pai'ticle transmits some of its energy to the next. 
But 'when a stone is dropped into a pool, the disturbed ])ortion 
of the surface has water all round it to receive the energy, and 
there being no reason why the disturbance should travel more 
quickly in one direction than in another, we find that the dis- 
turbance reaches all j)oints on the surface at the same distance 
from w'here the stone fell at the same time. In other w ords, the 
waves are circular (Fig. 15). 

Primary and Secondary Waves. — Ilugghens — 

WTien the disturbance reaches any point on the surface of the 
pond, that point being disturbed transmits its disturbance to its 
neighbours. But it has 
neighbours all round it. 

Therefore it in turn be 
comes a centre of disturb- 
ance. 

The effect of this is 
shown in Fig. Ifi. A 
disturbance from the cen- 
tral point has reached the 
inner circle. !^ich point 
on that inner circle is 
now a centre of disturl>- 
ance, and we have an 
infinite number of little 



circles whose nett result 


li>.“Seco!idary 


is the main outer circle which they all touch. The big circles 
are the primary waves and the little ones secondary waves. It 
will be noticed that we have not drawn the whole of the secondary 
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circles, but only arcs. Are then no secondary disturbances trans- 
mitted backwards to the original centre I To make this clear let 
us return once more to the string of particles. Each particle 
receives some of the energy of its predecessor and passes it on to 
its successor. There is no question of which way the wave is to 
travel. It must be forwards, not backwards. But on the 
surface of the pond where there are particles all round to receive 
the disturbance, it is a question which shall get most of it. It 
might be expected that the particles straight on ahead in the 
main line from the prime centre would get the * most of it ; and 
Professor Stokes has shown that this is the case. 

Thus in Fig. 17, B is a point on a primary wave from A, 

and from B is sent out a 
secondary wave CDE. The 
intensity of this secondary dis- 
turbance is greatest at C, 
diminishing according to a 
fixed law as we get farther 
from C, and becoming nothing 
at all at the {)oint E. 

Spherical Waves. — If in- 
stead of the surface of a liquid 
we take a homogeneous medium, 
some substance such as air, 
which has the same properties, 
the same density, the same elasticity in every direction, above 
and below, right and left, and irfiagine a disturbance to be 
started at some point in this, the waves caused by the dis- 
turbance will travel with the same velocity in every direction, 
and all points at the same distance from the centre of dis- 
turbance will be in the same phase at the same instant. In 
this case the waves are spherical, not merely circular, and every 
point on a primary spherical wave becomes itself the centre of a 
secondary spherical disturbance. The law mentioned above 
about secondary waves (Fig, 17) applies of course to spherical as 
well as circular waves. In the diagrams which follow, the reader 
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must remember that the circular waves shown are merely sections 
of spheres, and that straight lines are sections of planes. 

Plane Waves.— When waves come from a very distant 
source, so that the radius of the spheres to which they belong is 



Fi^». IS. — Secondary plane waves. 

very great, the wave surface may be taken as flat or plane. In 
Fig. 18 AB represents a plane wave front, and the secondary 
waves being drawn, it is manifest that the wave front continues 
to be plane. 



Fig. 19.— Keflectiou of plane wave. 


Reflection of a Plane Wave on a Flat Surface. — AB (Fig. 
19) is a plane wave striking on a flat surface XY. B strikes it 
first, and by the time a secondary wave from A has reached the 
point P directly in front of A, the secondary wave from B will 
have a radius BG - AP. Also evidently AP = CM + MN = DK + 
KL = EF + FH, and the reflected wave has a plane front, 6HLNP, 
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Jlie angle GPB being equal to the angle ABP, by Euc. I. 26. 
Thus the angle of incidence is equal to the angle of reflection. 
The dotted portions of the figure show the position the wave 
front would have reached if the reflecting surface XY had been 
absent. 



Fi*?. *20.— Change in density of niediuni. 


Refraction of a Plane Wave. — To return once more to the 
string of elastic particles, suppose that the particles at some 
point in the line become suddenly heavier. They will vibrate 
more slowly, and the wave motion will be propagated more 
slowly. Thus in Fig. 20 the wave will travel more quickl}" in 
AP than in PB. 



Now imagine a plane wave in some medium such as air, to , 
strike obliquely on some denser medium such as water, and to con- 
tinue to be propagated in that denser medium. Let AB (Fig. 21) 
be the wave front, and XY the surface bounding the two media. 
In the denser medium the wave will travel more slowly, and the 
secondary waves will have smaller radii than in the rarer medium. 
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Hence the wave front in the denser medium will be inclined at a 
smaller angle to the surface XY, and if V, V' be the velocities in 

the rarer and denser media respectively, we have ^^ = ^5 or since 

ACD, and = HA(J, 

AC. • ’ A(/ 

sin ACD^V^ 
sin BAC V’ 

Reflection of a Spherical Wave at a Plane Surface. — 

Spherical waves from the j)oint 0 are incident on the surface 
XY. By describing the arcs of tlie secondary wave at each 
point on the surface, it will be evident that the reflected wave 



22. — Reflection of splun icjil wave. 


fronts are also spherical and appear to come from a point 0 ^ so 
placed that 00' is bisected at right angles by XY (Fig. 22 ). 

Refraction of a Spherical Wave at a Plane Surface. — A 
spherical wave from O strikes a plane surface XY and enters a 
medium in which it travels with a smaller velocity. The radii 
of the secondary waves will be all shortened in the same ratio, 
and the refracted waves will not be spherical but only approxi- 
mately so, and will appear to come from the point 0' instead of 
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from O (Fi^. 23), O' being the centre of the sphere which the 
refracted wave surface most nearly resembles. 

OT 


O. 



Fig. 23. — Refraction of spherical wave. 


Energy of Wave Motion. — When a pendulum is swinging, 
its energy, or power of doing work, depends on the length of its 
swing, or on the pace with which it moves through its mean 
position. When the pendulum is at the end of its swing, it is 
for one instant at rest, but it still possesses energy by its 
position. When it is swinging through its lowest point, its 
position is least favourable, but on the other hand it is moving 
its fastest (see Mechanics, p. 40). Its total energy (the energy 
due to position, or potential energy, and the energy due to 
motion, or kinetic energy, added together) remains the same. 
The pendulum may be brought to rest by the resistance of the 
air ; in this case the energy of the* pendulum is given to the air 
partly in the form of heat. 

The energy of a Simple Harmonic Motion i.*? proportioml to the 
square of tKe amplitv/le. Thus, if the am[)litude of such a motion 
be doubled, the energy of the motion wdll be multiplied by 4. 

In wave motion each particle imparts its energy to the next, 
and if nothing intervenes to change the energy into another form, 
the energy of each wave remains the same throughout its motion. 

When a disturbance is propagated in spherical waves, the 
radius, and of course the surface of each wave, is continually 
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increaBing, and the same stock of energy has to be distributed 
over a continually increasing area. In Fig. 24 is shown a small 
portion ABCD of a wave coming from 0. EFGH **is the corre- 
sponding portion of the wave when its distance from 0 is doubled. 
FG is double of BC, and EF of AB ; it is evident then that the 
area EFGH is four times the area ABCD. The energy that 
sufficed for ABCD will have to suffice for EFGH, and therefore 
the intensity of the disturbance at any point in EFGH will be 
J of the intensity at a point in ABCD. We find this law then, 
iliat the iniensifi/j oi' energy per nnit area^ of a sjiherieal wave varies 
inversely as the stpiare of the distance from the centre of disturbance. 
If the distance be trebled, the intensity will be divided by 9, 
and so on. 

Note that as the energy is proportional to the square of the 
amplitude, and inversely proportional to the square of the 



distance, the amplitude of vibration will be inversely pro- 
portional to the distance ; that is to say, when the distance is 
doubled the amplitude of vibration will be halved, etc. 

Interference. — Let us go back to the pool .and drop two 
stones in at the same instant at two points of the surface not 
very far from each other. We shall then have two sets of 
circles spreading from the two centres. What happens when a 
circle from one centre meets and crosses a circle from the other % 
Where the two crests meet there is a double elevation of the 
surface of the water, and where two troughs meet, there is a 
doubly deep trough. But where the hollow^of one wave crosses 
the crest of the other, the two opposite effects neutralise each 
other, and the surface of the water is neither raised nor lowered. 
There is then a patchwork of crests and hollows and neutral 
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spaces. This effect can be well observed in a flat dish containing 
quicksilver, the two disturbances being made by striking the 
surface with*two needle points at the same instant. 

Fig. 25 is a reproduction of one of a set of photographs of 
ripples on mercury taken by Mr. J. H. Vincent, of the Royal 
College of Science, who has kindly allowed the original negative 
to be used for this picture. The two centres of disturbance 



Fig. 23.— Interference of waves. 


were two needle points, attached to the same prong of a tuning 
fork wKich vibrated 256 times a second, striking the surface of 
the mercury simultaneously. The two sets of circular waves (or 
ripples, as Professor Boys calls them) are therefore exactly alike. 
Where crest meet% crest, and hollow meets hollow, they re- 
enforces each other, and these regions of greatest disturVjance are 
shown in the picture by the dark hyperbolic fringes. The light 
fringes show the regions of least disturbance, where the crests 
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from OTIC source meet and neutralise the hollows from the other. 
The Sfime hyperbolas can of course be obtained by drawing with 
compasses two sots of circles, alternately plain and dotted to 
represent waves and hollo^vs, and joining their points of inter- 
section. The result will be a figure like that on the back of 
a watch, usually called ‘engine turning.’ Nature’s picture is, 
however, far more beautiful. The ripples are far too rapid to 
be seen by the unaided eye. The photograph was taken by the 
light of an electric spark. Other photographs, taken by Mr. 
Vincent at Professor Boys’ suggestion, illustrate the reflection, 
interference, and diftraction of plane and circular waves. The 
photographs are of actual size. 

This principle of interference ap}>lies to all cases in which 
similar sets of waves are sent out from two or more different 
sources. The effect produced at any point will be the algebraic 
sum of the effects of each wave separately. Imagine a point P 
whose distances from the two centres of disturbance, A and B, 
differ by one wave length. Thus in Fig. 2G, BC is one wave- 
length. It follows that waves ^ 
from A and B will reach P in 
the same i)hase, crests coinciding 
and hollows coinciding, or in the ® 
case of longitudinal vibrations 

. . . Fig. 20.— Interference of waves. 

a compression from A arriving 

simultaneously with a compression from B, so that the combined 
effect Avill be greater than that of a single wave. At another 
point where the distances differ by half a wave-length, or an odd 
number of half wave-lengths, the two effects will neutralise 
each other. There a crest or a compression from A arriA^es simul- 
taneously Avith a hollow or a rarefaction from B, and the joint 
effect will be zero, or if the tAvo amplitudes be unequal, the 
effect will be the difference between them. 

Rectilinear Propagation of Wave Effects. — Imagine a wave 
surface advancing toAvards a point P, and let the centre of dis- 
turbance be so far off, compared Avitli the distance of the surface 
from P, that we may regard the portion of the surface in the 

2 G 
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neighbourhood of P as plane instead of spherical. We know 
that every point in the plane wave sends secondary waves to P, 
and it is our concern to find which jK)rtion of the wave has the 
most effect upon P. Draw PA perpendicular to the j)lanc of 
the wave. Let PA a and let A be a complete wave length. 
With centre P and radius a ?,A descri])c a sphere. Tiiis will 
cut the plane wave in a circle whose centre is at A. With the 
same centre P draw spheres with radii a X, a-r ^A, ^7 4- 2A, 
(7 + I A, etc., all cutting the plane wav(; in concentric circles. 
Fig. 27 (tt) shows a section of this through the line AP, while 



Fig. 27 (fi) shows it in perspective, Jind Fig. 27 (y) shows the 
series of concentric rings on the plane wave. Xow by Euc. 1. 47, 


PMi2=:PA2+AM;- 

AMi=vlAlf-PT- 



ri 


WAVES 


449 


If the wave length X is small compared with a, we may write 
AMj = \(iX. 

Similarly AMo= V‘2rt\, A M 3 = . . . AMn=\/'fM\. 

Therefore the widths of the rings are VaA, n''«A( - 1), 

\A/A( \/3 - \/2), etc. Kach of these rings will send disturbances 
to P which will he in alternately opposite phases. To find the 
area of a ring such as QQ' where PQ = r. PQ' ~ PQ = JA and the 

ocv po 

area of tlie ring is iV AQ . QQ/. But by similar triangles , 

. *. the area of the rin^ = 7rr\, • 

})Ut the amplitude of tlu^ disturbance is proportional to - . * . the 

effect of any one of tliese rings on P is equal and opposite in phase 
to tliat of the next. This is without allowing for the increasing 
obli(|uity of the secondary Avave, owing to Avhich its intensity 
diminishes. As a matter of fact, the total effect of the plane 
Avave upon P is a series A^ - A.^ + A^ “ A^ -i- . . . in which the 
higher tciins are nearly equal and very small. It may be 
AATitten thus — 

iAi-f i(Ai Ao)~i(A.- Ayl + ilA.. - A,) - . . . 

and it Avill be seen tliat practically the total effect on P is half 
the effect of the first ring, and 
that the other rings together 
produce no <*flect. If the wave- 
length of the disturbance is A^ejy 
small, the radius of the first circle 
is also small, and a very small 
obstacle at A Avill cutoff the effect 
of the Avave from P. In other 
words, Avhen the Avave length is 
small, ‘ shadoAvs ^ arc sharp and 
distinct. 

Wave Passing: through an Aperture. — Let a Avave moving 
in the direction of the arroAv (Fig. 28) bo partly intercepted by 



Fi^. ‘JS.— AVavo passing through aperture. 
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a screen Avith an aperture Ai> in it. Every i^ortion of the wave 
included by AB is the origin (»f a secondary Avave. To find the 
cfiect of these on a point P not directly opj^ositc the aperture, 
the a])ertiirc may be divided into sections, the Ijoundarics of 
Avhich increase in distance from V by half a Avavc-lengtli. Succes- 
sive sections Avill then send Avaves of o]>posite phase to the point 
P. So AA’e find that the total effect at P is tliat due to the o<ld 
portions or remnaiits at the edges of the aptu’tiin^ Avhicli are not 
included in an cA^en number of these sections. It is evident, 
then, that in the case of a disturbance Avith a very small Avave 
length (such as light) the effect of the screen Avill he to cut off’ 
the effects of the Avave from all points except those oj){)osite the 
aperture. If, hoAvever, the Avave length be large conjjcire<l Avith 
the size of the aperture, the distuiTance will ])e transmitted 
obliquely. This is the case Avith sound Avaves Avhich Ave knoAv 



travel round corners. Sound shadoAVs aie, hoAvever, very notice- 
able Avith large apeiture.s such as a street or a mountain gorge. 
And, conversely, Avhen light pas.ses througli an aj)erture made so 
small as to be comparable Avith tlie Avave- length (»f light, Ave 
have the phenomenon of diffraction. 

Rectilinear Propagation and "the Notion of Rays. — We 
have seen from the tAvo preceding articles tliat disturbjinces 
whose Avave length is vt*ry small throw sharp shadows and do 
not bend round corners. It is often convenient Avhen consider- 
ing a small portion of a AA'ave such as ABCD, of wliich the centre 
is 0 (Fig. 29), to regard it as a bundle of straiglit lines OA, OB, 
OC, 01), etc., all draAvn from O, and each indejxuident of tJie 
others. Such lines are called rays, and such a bundle is called 
a pencil of rays, or simjjly a j)enci]. 

Fermat’s Law — Least Time. — Having formed this notion 
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of rays, let us consider tlie particular path chosen ]>y a disturb- 
ance in travelling tVoni one point to another. In the. case where 
it travels direct through 
the same imMliuin all 
the way, the ])ath is evi- 
dently a straight liiu*, 

— the /v/y/ in fact being 
the radius of that ])arti- 
cular wave which passes 
through the second 
])()int. The straight 
liiHi AP is, of course, the shortest possible ])al]i from A to P 

(Fig. :10). 

Now let the disturbance undei’go a rctlection at some jdane 
surface X\ on its path from A to P. 

The rcllocted waves make the same angle with the surface 




XY as the incident waves (see p. 441), and therefore the angle 
AQX - PC^Y. If a })oint A^ be taken so that XY bisects AA^ 
at right angles (Fig. 31), the iioint A^ will be the centre of the 
reflected waves. Xow evidently ACJ ~ A^Q and AP = AjK. A^P 
is shortiT than A^K + lU*, therefore Ay -f QP is shorter than 
any other possible i)ath as AP +lvP. In this case the path 
actually chosen by the raij is the shortest possible. 
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Now, consider a disturbance passing from one medium into 
another in which it has a different velocity. We know by the 
law of refraction given on p. 443 that its path will be bent 
according to a fixed law. 

Thus if, as before, A (Fig. 32) be the centre of disturbance, 
P the point to be reached and XY the surface bounding the 



Fig. 32. 

Refraction of ray : shortest possible path. 


two media, the path chosen 
will be AQ, QP where 

sin AQS_ V<*looitv in 1st medium 
sill PQT" Velocity iii 2ii(i uieilium ’ 

the line ST being perpen- 
dicular to the surface at Q. 

[Or if we draw a circle 
with centre Q and suppose 
A and P to both lie on this 
circle, and draw AM, PN per- 
pendicular to ST, we have 

AM __ Velocity ill 1st ineilium "1 
PS ~ Velocity in 2ml medium J* 


Now it may be shovTi that the path AQ, QP is traversed by 
the disturbance in a shorter time than any other possible path, 
such as AR, RP. The path AQ, QP allows the most advantageous 
proportion of the time to the quicker medium. 

We are now in a position to enunciate Ferwat's Jmw, which 
is that : — The path chosen by a my joining two points is that 
which can be travelled over in the ieast possible time. 
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CHAPTER I 
Nature of Sound 

How Sound is Traiisniittcd— Velocity of Souiul in Air, AVater, and otlicr Sub- 
stances— Intensity of Sound — Rcnection of Sound — Eclioes — Sound 
brought to a Focus -Acoustic Cloiuls — Refraction of Sound — AVaves of 
Coni] u’cssion —Sound a Form (»f AVave Motion — Comparison of Sound 
witli Light. 

Sound is a disturbance which acts on the sense of hearing. 
In studying this l)ranch of natural })hilosophv we have to 
consider — 

(i.) The nature of the disturbance ; how sound is produced 
and how transmitted ; vibrations of the air, musical instru- 
ments, etc. 

(ii.) How the sensation of sound is conveyed to the brain ; 
the mechanism of the car. 

(lii.) Why some' sounds are ideasing, and- others other- 
wise. 

These three branches belong respectively to physics, physio- 
logy, and music, so that, strictly, we are oidy concerned with 
the first branch in this book. The others will be only lightly 
touched upon. They cannot be altogether passed over; for 
the ear is our chief aid in the study of sound, and music, as 
Ave know it, rests on a firm physical basis. 

Our first step in investigating the subject will be to dis- 
cover what is happening when a body is giving forth sound ; 
and a familiar instance can be found by striking a knife sharply 
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against a tumbler. The ringing sound produced continues 
until the rim of the tumbler is touched by the finger, when it 
ceases at once. The sense of touch tells us that the glass was 
vibrating, and as soon as the vibration is stopped the sound 
ceases. In the same way silence is produced by touching the 
rim of a sounding bell. We infer that a sound is caused by 
vibrations in the sounding body. 

How Sound is Transmitted. — If a loud -ticking watch is 
laid on cotton-wool under the receiver of an air-pump, and the 





Fig. 1.— Bell ill exhausted receiver. 

air is pumped out, the sound of the ticking grows fainter and 
fainter as the exhaustion of the ’air becomes more complete, 
and returns to its former loudness when the air is readmitted. 
Fig. 1 shows a similar experiment with a bell in an exhausted 
receiver. The stem supporting the bell is flexible and packed 
with cotton-wool, so that it does not transmit the vibration, and 
though the hammer is seen hitting the bell, no sound is heard. 
We infer that some transmitting medium is necessary iir order 
that sound may travel ; and this medium is in general the air, 
A sudden compression or expansion in the air is always accom- 
panied by a sound. Explosions, the popping of corks, the 
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bursting of paper bags, all furnish instances of this. The air 
possesses elasticity, and when compressed tends to expand again 
in every direction ; thus any compression in one region of the 
air is handed on to the next, and a wave of compression travels 
through the air, and finally reaches the drum of the ear, 
whence the sensation of sound is conveyed to the brain. 

Velocity of Sound. — When a distant but visibly gun is fired, 
the report reaches the ear not at the same moment that the 
puff of smoke is seen, but after an appreciable time, the length 
of the interval being proportional to the distance of the gun. 
The velocity of sound can easily be calculated from an experi- 
ment of this nature, and it is found that the rate at which 
sound travels in air is about 1120 ft. per second. The velocity 
increases with the temperature about 2 ft. per second for every 
degree Centigrade ; a rise of temperature increases the air’s 
elasticity by increasing the velocity of the air particles (see 
Properties of Maiter, p. 119). 

It may be stated here that the velocity of sound in various 
gases depends on the elasticity of the gas, and is inversely pro- 
portional to the square root of the density. Thus in hydrogen 
sound travels nearly four times .as fast as in air. 

That all sounds, high or low, loud or soft, travel at the 
same rate may be inferred from the fact that a tune played by 
a distant band reaches the ear unaltered except in intensity. 

Newton calculated the velocity of sound in gases on mathe- 
matical principles, and obfained the formula ~ = r, where ^ 

e and d are the elasticity ami density of the gas. Ho found 
that this formula gave for the velocity of sound in air a value 
too small by one-sixth of the actual observed velocit 3 \ La- 
place was the first to explain the discrepancy. Compression of 
a gas heats it, and rarefaction cools it, and Newton’s calcula- 
tion was made on the assumption that the temperature remained 
constant. Laplace thought that the heat and cold produced by 
the rapid alterations of pressure would not have time to pass 
away, and he made his calculation with this assumption. 
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The air may be regarded as enclosed in a non-conducting 
vessel, and the change of pressure corresponding to a given 
condensation or rarefaction is greater in this case than if the 
temperature remained constant, as Newton assumed (see Lord 
Rayleigh’s vol. ii.). 

Sound transmitted by Solids and Liquids. — All substances 
possessing elasticity transmit sound. Thus a diver can hear 
the voices of peo])lc on the bank. Fish can hear sounds. By 
putting the ear to the ground the sound of distant wheels or 
horses’ feet can be heard at a greater distance than in air. 
Wood is a good transmitter of sound. Put the ear at one end 
of a stick of timber while another })erson scratches the other 
end with a pin, and you will find that the scratching is per- 
fectly audible through the wood, though inaudible at an equal 
distance in air. A ‘ pulsion ’ telephone is easily made ; two 
thin metal or parchment diaphragms stretched over cylindrical 
mouthpieces are connected by a stretched string or wire. The 
vibrations caused by*a voice at one end are communicated to 
the diaphragm at that end and transmitted by the string to 
the diaphragm at the other end. 

Velocity of Sound in Water and other Substances. — The 
historical expenments nuide in 1827 by MM. Colladon and 
Sturm in the Lake of Geneva determined the velocity of sound 
in water. Two boats were moored in the lake at a knowui 
distance apirt. In one ]>oat was an apparatus ]>y which a bell 
was struck under watei’, arid at the same instant a flash of light 
made. In the other boat an obsciVer, with his car applied to 
an ear tmmpet, the bell of which was under water, noted care- 
fully the interval of time between his seeing the flash and hearing 
the sound of the struck bell. In this way th(i value 4708 ft. 
per second was obUiincd for the velocity of sound in water. 

In solids the velocity of sound is as a rule greater than in 
[liquids, owing to their possessing greater elasticity in proportion 
TO their density. In W'ood, the velocity is not the same in all 
directions. Thus in a tree trunk, the velocity is greatest in the 
direction of the length of the trunk, and greater across the rings 
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than along them. The difference in the closeness of the wood 
particles in the different directions is accompanied with a differ- 
ence of elasticity in those directions. The influence of ‘molecular 
structure ’ is thus clearly shown. \Vc should expect to find 
similar diflerences in (crystals which show different properties 
with respect to heat, light, electricity, etc. in difterciit directions. 

The velocity of sound in iron is seventeen times the velocity 
in air. 

Intensity of Sound. — The intensity of a sound diminishes 
rapidly as the distance of the source of sound increases. It is 
found that when the passage of tlui sf>und is not interfered with 
hy obstructing and reflecting surfaces, the intensity is inversely 
proportional to the S(|uare of the distance (see Wave ^Totion, 
p. 445). The same amount of motion has to be distributed over 
an area continually increasing with the square of the dist^ince 
from the sound-centre. 

The intensity of sound diminishes with the density of the 
air; thus on the top of a mountain the filing of a pistol becomes 
like the popping of a cork. In cold weather the air is denser, 
and sounds are heai*d more plainly. Partly for the same reason, 
sounds are more plainly heard at night. 

Reflection of Sound. — Every one is familiar with erhoes. 
Find senne wall that givt^s a good echo, and stand at such a 
distance from it that you can just hear the last syllable of what 
you shout distinctly echoed. Foi* this purpose you will have to 
be at least 100 ft. from the wall. The sound has to travel 
double this distance, of course, and takes nearly 1 of a second in 
doing so. The ear cannot hear nor the mouth pronounce dis- 
tinctly more than five syllaldcs a second. If you retreat to a 
distance of 220 ft. or thereabouts, you will hear an echo of the 
last two .syllables of your remarks, pro^’ided these are made with 
sufficient loudness. 

When there are several reflecting surfaces at different 
distances from the source of sound or from the hearer, a succes- 
sion of echoes is heard. This is common in mountain regions. 
There are many spots in Europe celebrated for the number and 
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beauty of their echoes. The Gap of Dunloe near Killarney is 
one of the best known. When echoes follow each other with 
great rapidity, so as to form a continuous sound, they are called 
reverberatiois. The firing of a gun in a Scotch glen or even in a 
small copse is followed by a good illustration of the reverbera' 
tion of sound. 

In large rooms, halls, or churches, the echo or reflection of 
sound from the walls often makes it difficult to hear distinctly 
the w^ords of a speaker. The echo may often bo deadened by 
tapestry or hangings of some sort, wdiich are bad reflectors of 
the sound waves. It frequently happens that a room which 
when empty has a very bad echo, so that a speaker at one end 
cannot be distinctly heard by a solitary listener at the other 
end, becomes free from this defect w^hen filled with an audience, 
w^hose persons serve to break up the sound waves reflected from 
the floor and w alls. 

Sound brought to a Focus. — Take tw^o conjugate mirrors, 
as used in radiation experiments (see He.at, p. 389), and place a 
watch at the focus of one of the mirrors. Then if the ear, or 
better, an ear tnimpet, w'hich will enable the listener to keep his 
head out of the w^ay of the sound, be placed at the focus of the 
other mirror, the ticking of the watch is distinctly heard, 
although it is inaudil)le at intermediate points. 

Large circular rooms often give curious effects in the w^ay of 
concentrating sound. In the whispering gallery of Saint Paul’s, 
which is just under the dome, the sound of a voice in one part 
of the gallery is reflected by the dome and brought to a focus 
at the opposite side, a w^hisper being perfectly audible w'hcn the 
speaker and listener are exactly opposite each other. Several 
other instances are known where buildings act in the same way 
as the conjugate mirrors mentioned above. Two persons stand- 
ing at the foci of a long gallery wdth the w^alls rounded at each 
end can converse in w^hispers which are quite inaudible to 
persons standing betw^een them. 

Acoustic Clouds. — When sound is reflected by an obstacle, 
the passage of the direct sound is interfered with. Thus 
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anything that tends to reflect or break up sound tends 
also to interfere with its direct progress. Unequally heated 
currents of air have this eflfect, and Tyndall found that while 
rain, snow, fog have no appreciable effect on the distance at 
which sounds can be heard, yet on some perfectly clear days the 
range of a sound is far less than usual. He describes the atmo- 
sphere under such conditions as containing ‘acoustic clouds,’ 
layers of air of varying density, which break up the sound waves. 
Professor Henry attributes the vagaries of distant sounds to 
refraction, but Lord Payleigh thinks it probable that refraction 



Fig. 2.— Uffraction of sound by collodion balloon. 


and acoustic clouds “are both concerned in the capricious be- 
haviour of fog signals ” (Rayleigh’s Sound, vol. ii. 2nd edition). 

Refraction of Sound. — It has been mentioned that the velocity 
of sound is less in the denser gases. It is also known that the 
velocity of light is less in glass, and this is the reason why rays 
of light are brought to a focus by a lens (see Light, p. 555). 
Let us see then whether sound waves can be brought to a focus 
by a ‘sound lens.’ Fill a collodion balloon with carbon dioxide 
(carbonic acid gas), and it will be found that the ticking of a 
watch placed at one point (Fig. 2) can be heard at another point, 
which is its * conjugate focus ’ (see Light, p. 556). 
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Waves of Compression. — We have already mentioned 
Newton's cfilculation of the velocity of sound from the known 
elasticity of the air, and Laplace's cori-ection of it, which makes 
it exactly the same as the observed velocity. This is in itself 
strong evidence that sound in air is a disturl)ance consisting of 
alternate compressions and rarefactions. The direct evidence of 
experience and expeiament is no less strong. When a great 
explosion happens, the windows in the neighbourhood are fre- 
quently broken iiiwanf.'i. After an explosion at Erith powder mills, 
by which most of the windows within a radius of some miles 
were broken, it was found that the windows of Erith church 
were bent imntrds, their lead casements having yi(‘lded to the 
oiitside pressure without the glass breaking much. The windows 
facing the powder mills did not suffer more than others. Tyndall 
says : “As the sound wave reached the chuich it separated 
right and left, and for a moment the edifice was clasped by a 
girdle of intensely compressed air, every window in the church, 
front and back, being bent imvord^. The bending in of the 
windows, however, profluced but a small condensation of the 
whole mass of air within the church ; the recoil therefore was 
feeble in comparison with the pressure, and insufficient to undo 
what the latter had accomplished." 

Inferences from the Foregoing Facts.— Sound then travels 
in waves of alternate compression and rarefaction. Each region 
of the air in turn vibrates to and fro in the line in which the sound 
is travelling {hjiujitudinal vibrations). The mechanism of waves of 
compression is explained in Wavk Motion (p. 4^0). Their laws 
of refraction and reflection are the same as those of’ light (in 
which the vibrations are transverse instead of toiajitudimiJ). It is 
interesting to notice the analogies and the difl’erences between 
sound and light in their ways of travelling. Light travels in 
straight lines and throws sharp shadows. Sound turns corners. 
This was Newton's chief difficulty in receiving Huygens' wave 
theory of light. A\'e know now that the capacity of waves for 
turning corners depends on the length of the waves. Sound 
waves are long, and light waves arc very short, the comparative 
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ratio of the lengths of sound and light waves being millions to 
one. This, as shown on p. 450, is sufficient to explain the 
difference between their modes of propagation. It may 
be mentioned again here that light doc& turn corners 
{Diffraction), and that sound-shadows are known to exist on a 
large scale. When we climb a hillside and cross a ridge the 
sound of the water in the glen or combe we are entering 
becomes suddenly audible. Shrill sounds, whose wave lengths 
we shall find to be shorter, may be expected to turn corners less 
easily than deep sounds. Perhaps this is why the hillside, with 
its facilities for throwing sound-shadows, is considered the most 
suitable jJace for bagpipes. 



CHAPTER II 
Musical Sounds 

Musical Sounds Distinguished from Noises — How a Musical Sound is Pro- 
duced — Pitch and Loudness — The Siren — Relation of Pitch to Rapidity 
of Vibration — Ratio of Frequencies in A^arious Intervals — Length of 
Stretched Strings and Organ Pipes— Resonance. 

Distinction between Musical Sounds and Noises. — We have 
hitherto spoken of sounds of any kind, more particularly perhaps 
of short sharp sounds, such as the report of a gtin. For. the 
report of a gun is a single sound, though it may be prolonged 
by echoes or reverberations. In considering continuous sounds 
we are at once forced to notice two distinct classes, which we 
may call respectively musiml sounds and noms. A musical note 
is a continuous uniform and pleasing sound, while a noise is an 
irregular succession of shocks to the ear. The sound of the horn 
is attractive, while the rattling of stones in a tin kettle is 
repellent, to dogs as well as to^ human beings. There exists 
between musical sound and noise a profound physical difference, 
apart from the varying emotions of the savage breast occasioned 
by them. 

The ear is so constructed that the effect of a sound dies away 
very rapidly, but not instantaneously. A sound is a shock given 
to the drum of the ear by the air. When shocks follow each 
other with such rapidity that the effect of one is not quite gone 
before the next comes, the sensation conveyed by the ear to the 
brain is that of a continuous sound. When the shocks are all 
alike and follow each other at regular intervals the ear hears a 
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musical note. If the shocks are irregular, we call what we hear 
a noise. 

Different Ways of Producing Musical Notes. — All that is 
wanted for a musical sound is a regular succession of shocks 
following each other with sufficient rapidity. Galileo obtained 
a musical note by drawing the milled edge of a coin across a 
knife blade, and he noticed that the more rapidly the minute 
teeth of the edge of the piastre struck the edge of the knife the 
higher was the pitch of the note. A stretched string when 
pulled aside vibrates, and the vibrations follow with absolute 
regularity, like the swings of a pendulum, only more quickly. 
Hence the musical note given b}^ pulling a stretched string. If 



Fijr. 3,~- ViV>rations of tuning-fork roconled. 


a toothed wheel be made to rotate, and the edge of a card held 
against the teeth, the succession of taps which the card receives 
will, if sufficiently rapid, produce a musical sound, and the 
more quickly the wheel is turned the higher the pitch of that 
sound. Take any straight tube open at one or both ends and 
blow across the edge at one end. The column of air in the 
tube can thus be set in vibration, and a musical tone produced, 
the longer the tube the deeper the tone. 

Pitch and Loudness. — The note of a tuning-fork depends 
on the rapidity with which the prongs of the fork vibrate. It 
is possible to show that the vibrations of a tuning-fork are like 
those of a pendulum, only quicker. Attach a bristle to one of 
the prongs by means of a small piece of wax, fix the fork firmly 
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by a vice in a horizontal position with the end of the bristle 
just touching a cylinder of smoked glass (see Fig. 3). Now 
make the fork vibrate by drawing a violin bow across it, and 
the bristle moves backwards and forwards and clears a small 
line in the smoked glass. Kevolve the glass cylinder 
quickly but steadily, and the track of the bristle becomes a 
wavy curve, similar to the curve traced by a pendulum deposit- 
ing sand upon a boai'd drawn steadily across its line of swing 
(see Wave Motion, p. 426). 

This experiment is an instructive one, for by it we can tell 
the num’ ^ - of vibrations ])er second that corresponds to a 
particy^ p note by noticing the speed of the revolving barrel. 
ForAinsposing the glass to move at the rate of one foot per second, 
p J^qrnat we count thirty waves traced by the bristle in one inch, 
number of vibrations per second must be 1 2 x 30 = 360. 
it should be noticed also that the waves continue all of the 
same length, although their crests and hollows diminish as the 
vibrations of the fork become smallei*. This, with the fact that 
the note sounded by the fork gets faiutei* udthout the slightest 
alteration in pitch, tells us that the loudness of the sound is 
dependent only on the am/plilmle or length of swing of the fork, 
and that the pitch is independent of the loudness, and depends 
only on the rate of vibration. If the rate of vibration be 
lowered by loading the prongs with lumps of wax, the pitch of 
the note is also lowered. It is found that when a tuning-fork 
gives the same note as a violin string, or as an organ pipe, it is 
because the number of vibrations 'per second is the same in all 
three. 

The Siren. — A musical note can also be produced by a 
regular succession of puffs of wind. When a current of air is 
blown through a tube, and the end of this tube is alternately 
opened and shut at regular intervals, a musical note is pro- 
duced. A method of effecting the opening and shutting of the 
tube sufficiently quickly is shown in Fig. 4. A disc of card- 
board has a number of holes cut in it at equal distances along 
the circumference of a circle. This disc is mounted so that it 
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can be made to revolve rajndly. A tube through which a 
current of air is blown is fixed with its mouth very close to 
the disc exactly 0])posite one of these holes. AVhen the disc is 
turned the current of air is stopped until the next hole comes 
opposite the mouth of the tube, and thus a regular rotation of 
the disc produces a series of puffs at regular intervals, resulting 
in a musical note if the rotation be fast enough. This simple 
form of siren was invented by Seebeck. If the pace at which 
the disc rotates can be measured it is plain that we can easily 
calculate the number of })uffs per second that corresponds to 
any note. For this purpose an imj)roved form of siren was 



Fi} 4 . 4. — Kleiiu'iiUiry .sirrii. 


invented by Cagniard de la Tour, in which the instrument 
registers its own speed, and in which the current of air which 
causes the sound causes al.^o the rotation of the disc. The 
plan of the instrument is briefly this : A current of air can be 
blown into a pii)e A (Fig. 5), which opens into a circular 
box B, in the top of Avhich is a circular ring of equally spaced 
holes. A disc CC, which is shown in plan and in section 
in Fig. 5, has holes exactly corresponding to those in the box, 
and rotates very close to but not actually touching the top 
of the box on an axis ED. The axis turns very easily be- 
tween two steel adjusting screws, and at the top is fashioned 
into a screw. This turns the toothed wheel F ; and the arm 
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G on the axis of F moves the ratchet wheel H forward one 
tooth for every revolution of F. In this way the number of 
revolutions oan easily be recorded. Now for the way in which 
the disc is made to rotate. The holes in the top of the box 
are oblique, and so are those in the rotating disc, but the latter 
slant in a direction opposite to the former. Fig. 5 shows 
sideways as well as frontways a section of a hole in the disc 



Fig. 5.— •Improved sireii— Cagiiiard do la Tour k. 


exactly over one of the holes in the top of the box. It is 
obvious that a current of air in the direction of the arrow 
will tend to move the disc C to the left. The sjime thing 
happening all round the circle of holes, a current of air forced 
into the box will make the disc C rotate, and so produce the 
succession of puffs that causes a musical note. 

The sirens used in steamers give a low sound, rising impidly 
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to an ear-piercing shriek, like that of a beast in pain. This is 
due to the rapid increase in the speed of rotation as the steam 
is blown through the instrument. Some of the fog-sirens fitted 
in lighthouses are rotated mechanically, so as to give fixed 
notes ; and usually two or more different notes, which are dis- 
tinctive of that particular lighthouse, are sounded at distinctive 
intervals. 

The siren as improved by Dove has four concentric circles 
of holes, the inner ring containing 8, the next 10, the next 12, 
and the outer ring 1 6 holes ; it possesses also an arrangement 
by which any of these may be opened or closed at will. This 
design is similar to that used in lighthouses for producing the 
distinctive notes. 

Relation of Pitch to Rapidity of Vibration. — Dove’s siren 
can give us much interesting information on the subject of pitch. 
If wo arrange that the circles of 8 and 1 6 holes shall be open 
at the same time and sound the siren, we hear two distinct 
tones, one an octave above the other. Increase the speed of 
rotation and both tones become sharper, but still bear the same 
relation. Hence we conclude that when one tone is an octave 
higher than another, the vibrations are exactly twice as rapid in 
the first as in the second. 

We also find that the series of 12 holes gives fifth of the 
note given by the series of 8 holes. (The interval from C to G 
on a pianoforte is a ‘ fifth.’) 

The series of 16 holes gives the fourth of the .note given by 
the series of 1 2 holes. (The interval C to F or G to C' is a 
‘ fourth.’) 

The series of 10 holes gives the major third of the note given 
by the series of 8 holes. (The interval C to E is a ‘ major 
third.’) 

The series of 12 holes gives the rnimr third of the note given 
by the series of 10 holes. (The interval E to G or A to C' is a 
‘ minor third.’) 

We have then this series of relations between the rapidity of 
vibrations in different intervals. 
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1 : 2 Octave. 

2 : 3 Fiftli. 

3 : 4 Foiirtli. 

4 : 5 Major third. 

5 i 6 Minor thii*d. 

The Pitch Number or Frequency of a note or tone is the' 
number of vibrations per second which make that tone. To find 
the frequency of any tone of a musical instrument, we have 
only to sound a tone of the same pitch in our sir en, and read oft' 
from the recording dial the number of i)uflrs per second by 
which the tone is pr oduced. 

Other methods of determining absolute pitch ai*e given in 
Lord Eayleigh’s Sound, vol. i. 2nd ed. pp. 85-90. 

Calculation of the Ratios of the Frequency for all Notes 
of the Scale. — Those who have any acquaintance with the 
pianoforte will know that the thr(?e notes C, E, G form the siime 
chord in the key of C as the notes G, B, D formi in the key of G 
or F, A, C in the key of F. Xow the notes C, E, G sUind in the 
ratio of the numbers 4, 5, 6 ; so a similar relation must hold 
between G, B, and I) and between F, A, and (\ A little easy 
arithmetic gives us the complete series (vf ratios of the fre- 
quencies all up the major scale of C to C', viz. : — 

C : I) : K : F : G : A : D : C' 

1 : r: ^ ^ : i; : : V : 2 

[or 24 : 27 : 30 : 32 : 30 : 40 : 4.5 : 4S] 

(See Plelmholtz, Smsfifions nf Tone). 

Pythagoras (b.C. 500) knew the fact that if a siring be divided 
l>y a bridge into two such parts so as to give two consonant 
musical tones when struck, the lengths of these jmrts must be in 
the ratios of the simple numbers from 1 to G. The measurements 
were carefully executed by the Greeks on the monochord 
(see p. 472), but it was left for Galileo, Newton, Euler, and 
Bernouilli in the seventeenth and eighUienth centuries to discover 
the laws of vibration of stretched strings, and the connection 
between the time of vibration and the length of the string. The 
connection between simple numbers and musical haimonies was 
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always regarded as a wonderful mystery, and the notion of Euler 
that the human mind takes pleasure in simple ratios has been 
accepted until quite recently as the only possible , explanation of 
this connection. The work of Helmholtz, a savant as great in 
physiology as in ])hysics, has given us at the present day a clearer 
insight into the subject. 

Figs. 9, 20, and 24 are the original pictures in his Sensations 
of Tone, 

Length of Stretched Strings and Organ Pipes. — The time 
of vibration of a stretclied string is ])roportional to the length of 
the string. For instance, if two strings of the same material 
and thickness, one 2 ft. long and the other 1 ft. long, be 
stretched at th(^ same tension, the latter will vilu’ate twice 
as (piickly as the former, and consequently the tone given, 
by the second will bo an octave above that given by the first.! 
Hence also if eight similar strings of equal thickness be 
stretched at the same tension, so as to give the ordinary major 
scale, their length must be inversely })ro])ortional to the fre- 
quencies given above, i.e. their lengths must be in the following 
ratio : — 

C D K F A B 0' 

It may noted that the lengths corres])onding to C, E, G 
form a ‘ Harmonical Progression.’ So do those corresponding to 
C, 1), E and C, iJ, C/. 

The time of vibi’ation o^ the column of air in an organ j)ipe 
is proportional to the length of that pipe. 

The note on the organ is given by a pipe about 

4 ft. in length, and the octave above that note is called by 
organ - builders the 4 -ft. octave. The octavo below would 
start from a pi})e 8 ft. in length, and the octave above, 2 ft. 
Below the 8-ft. octave are the 16-ft., 32-ft. and C)4-ft. octaves, 
the last two being found only in very large organs, and giving 
tones so deep as to bt) inaudible .as musiciil tones to some ears. 

Resonance. — When a tuning-fork is struck and made 
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to vibrate, it must be held near the ear for its tone to be 
audible. But if when the fork is struck it is held with its 
stem on a table, the sound becomes at once audible through- 
out the room. The vibrations of the fork are communicated 
to the table, which itself vibrates in time with the fork ; a much 
larger region of the air is set in vibration, and the sound is 
greatly re-enforced. 

The tone of a vibrating string is very faint, unless it is 
strengthened by a sounding board. When a heavy weight is 
suspended by a piece of steel pianoforte wire, and the wire 
plucked aside, the vibrations of the wire arc very evident to the 
eye, but verj^ little sound is audible unless the point of support 
be connected ^nth something of the nature of a sounding board. 
The tone of pianos is due to their sounding lx)ards, and in all 
stringed instruments some sounding apparatus or resonator 
is necessary. In a violin, for instance, the vibration of the 
strings is communicated by the bridge to the ‘belly’ of the 
violin, and from this by means of the sound-post and sides to 
the back of the instrument. The air within Ukes up these 
vibrations, and itself acts iis a resonator. The best violins are 
those in which the wood is most clastic. In a non-elastic substance 
the vibrations would rapidly die away in friction, and so be con- 
verted into heat instead of sound. 

We have said that the air inside a violin acts as a resonator. 
Many other instances of resonating air chambers can be given. 
Every wind instniment possesses such, and the human voice owes 
much of its tone to resonating chambers in the bones of the head. ^ 
A glass tube may be made to re-enforce the tone of a tuning- 
fork ; but the length of the tube must be adapted to the note. 
Take a glass tube of over an inch diameter and 18 in. long, 
and hold one end in a vessel of water. Strike the tuning-fork 
and hold it over the other end of the tu}>e. Lower the tube 
into the water; when it is at a certain depth the note of the fork 
sounds loudly. The same result can be obtained by using a tall 
glass receiver of uniform diameter, and pouring water slowly into 
it until it re-enforces the sound of the fork held over its mouth. 
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The outward- swing of the prong A (Fig. 6) compresses the 
column of air, a wave of compression travels down to the 
surface of the water at B, is reflected there, and comes back just 
in time to re-enforce the inward swing of the prongs. It is 
obvious that if we know the number of vibrations of the fork 
per second we can find the 
length of the corresponding 
sound wave, and the velocity 
of sound. For suppose the fork 
to vibrate !?50 times in one 
second, the time of a half-swing 
is of a second. In this 

time the wave of condensation 
goes from A to B and back 
again. 

The length of the sound 
waves is therefore four times 
the distance AB, and the velo- 
city of sound per second is this 
wave length multiplied by 250,^ 
the number of vibrations jicr 
second. Or if we know the 
velocity of sound (say 1 1 20 feet 
per second) we can from an experiment such as this find roughly 
the number of vibrations per second of a tuning-fork. 

^ The explanation of the marked eli'ect of sounding boards and 
resonance chambers is this. * The air slips readily out of the way 
of a small prong or a string. But it finds more difficulty in 
escaping compression when a large surface is in vibration, and 
when it is imprisoned in a chamber it cannot slip out of the 
way, and so must undergo the compression and rarefaction 
impressed on it by a vibrating fork at the mouth of that 
chamber. (See also page 478.) 

^ The diameter of the receiver must be taken into consideration, as it is 
found that a wide tube is equivalent to a narrow tube of greater length. If two- 
lifths of the diameter of the tube be a(ideil to the length, and the result be 
multiplied by 4, a more correct value of the wave-length will be obtained. 



Fig. Ck— Uesoiiance of tall receiver. 
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It should be mentioned that resonators, such as the receiver 
in Fig. 6, resound not only to their own })articular tone but to 
tones of a])prQximately the same pitch. This has been noticed 
in buildings. We have it on the authority of Sir Walter 
Parratt that the key of Magdalen College Chapel, Oxford, is 
nearly Gf, and that Avhen the chaplain intones the prayers 
upon a pitch slightly sharper than this, the A mens seem to die 
down to the chapel note. 

Doppler’s Principle. — When a locomotive, sounding its 
whistle, passes an observer, there is often a notable fall in the 
pitch, more particularly if the observer is in a train going in the 
opposite direction. A similar effect has been obsei'ved in the 
sound of a Idcycle bell by a cyclist riding in the opposite direction. 
The fall in pitch occurs at the instant of passing, and is due to the 
fact that the relative velocity of the two (tiie source of sound 
and the observer) is helping to increase the number of waves 
which reach the car when the two are apjwoaching each other, 
while it diminishes the number when they are receding from 
each other. If the number of waves sent jxu' second is n, 
the velocity of sound V, and the relative velocity of the two 
the number of waves reaching the ob.server in one second will be 

during approach, and . after passing. I)o])plei- was the 

first to give the explanation, and his ])rinciple ” a])])lied to the 
study of light gives us a means of measuring the rate at which 
the fixed stars are approaching or receding from us (see 
page 601). 



CHAPTER m 

Vibrations or Stkin(;s, Platks, and Pipes 

Moiiochonl — Nodes and Vontral Segments — Harmonics— Chladni’s Figures — 
Organ Pi]»es, Sto|>]>e.d and Open — Velocity of Sound in Liquids and 
(lases (•al<Milated from IMtcli of Sound. 

Vibrations of Strings. — 7'he moiiochoid is made, as its 
name, implies, bv stn*tehing; a single string or pianoforte wire 
between two fixed points which are fasten(*d to a sonnding- 
hoai’d. Fig. 7 shows a mono(?hord as nsnallv ananged. On 


E H D 



7. M«iinj<*h<)nl. 


this the two fixi'd points referred to are the points where the 
string leaves the e(lg<^s of AB and CD, bridges which stand on 
the resonating box or sounding board. The ends of the strings 
are fastened to ])egs E and F, hy turning which the tension of 
the string can be altered. Preferably a weight can be hung on 
at one end of the string, thus affording a means of measuring the 
tension. There is another movahle bridge GH, which can be 
inserted between th<‘ two fixed bridges, 

(i.) Pluck the string and observe the tone. Then insert the 
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movable bridge exactly half way, and again pluck the string. 
The new tone is the octave of the first, Le, the vibrations are 
twice as rapid, in other words the frequency (the number of 
vibrations per second) is doubled. 

(ii.) Increase the tension of the wire by screwing one pfg up, 
or by putting on extra weight. The tone becomes sharper. 

(iii.) Use a thicker or heavier wire with the same length and 
tension as before, and the tone is found to be flatter. 

From a series of similar experiments, the following laws 
governing the vibrations of strings may be obtained. 

The times of vibration of stretched strings vary — 

(1) Directly as the lengths of the strings. 

(2) Directly as the square roots of their weights per unit 
length. 

(3) Inversely as the square roots of their tensions. 

[The frequency is of course obtained ]>y dividing one second 
by the time of vibration, and therefore the frequencies vary 
inversely as (1) and (2) and directly as (3).] 

Nodes and Ventral Segments — Harmonics. — When a 
violin bow is drawn across the monochord a better tone is pro- 
duced than by simply plucking it. Now put a finger of the left 
hand on the string exactly one-third of the way along, and draw' 
the bow across w ith the right hand. The note produced is a 
twelfth above the note given by the open string, that is to say, 
if the note of the open string is C, the note w'hen the string is 
stopped at a point one-third of its length from one end is G', of 
which the frequency is three times' that of C. The better to 
see what happens, put some little paper riders at different points 
along the string and repeat the experiment. The vibrations of 
the string will dislodge all the riders except those close to the 
points of trisection of the string. This shows that the string is 
vibrating in three sections, and the period of these vibrations is, 
as we should expect, one-third of the period of the whole string. 
Kepeat the experiment, stopping the string with the finger at 
points one-fourth, one-fifth, one-sixth of its length from the *end. 
The notes heard will be C", E", G", the frequencies of which 
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are four, five, and six times the frequency of C. The way in 
which the string vibrates in each case is shown in Fig. 8. 

The lowest note given by the open string is called theJ^mdap 
mental tone, and the others are called its r>T» uppfp 

QafUalAones. The oetiive (C') is the first upper partial, and so 
on. The points at which there is no vibration are called 
and the vibrating portions of string between each node and the 
Yiext are called ventral segment s. When the open string is made 
to sound with the bow, it is possible for a careful listener to 
hear not only the fundamentiil tone, but also several of the 



Fig. S. — Vibrations of a 8tn*tohe«l string. 


upper partials, showing that the string is vibrating not only as 
a whole, but also in sections. Strike a note of the piano, and 
you may hear not only the note itself but also its octave. 
Helmholtz invented a means l)y which an unpractised ear can 
hear the upper partials in a compound tone. He made Resona- 
tors in the shape of a hollow sphere (Fig. 9), with a little open- 
ing at b to be applied to the ear, and a larger opening at a. 
These resonators re-enforce one note only, so that if a compound 
tone produces sound from such a resonator, that compound tone 
must contain the tone to which the resonator responds, and if a 
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note on the piano or any instrument contains that particular 
tone among its upper partials, the ear applied tn the resonator 

will hear that upper partial 
and that onl>^ 

The quality of a tone 
de])onds on the upper par- 
tials, and musical instru- 
h iiients are not good for* 
much unless their tones 
are rich i»i upper partials. 
The human voice is parti- 
cularly well supplied in 
this respect. It is possible 
to use the piano itself as a resonator. Hold down the key 
of the middle C so as to raise the hammer from its wires 
and leave them free to vibrate. Now strike the C next 
below sharply and release the key after a little time, still 
holding down the middle C. The sound of the lower C 

ceases, but the middle C can be distiTictly heard. Its M'ircs 
have been set in vibration .sympatheticaily by the first up])er 
partial of the lower C. This sjunjxithetic vibration is always 
produced when one body vibrates in the neighbourhood of 
another l)ody of the same period. Set an A tuning-fork in 
vibration and hold it over the open A string of a violin. That 
the latter is set in nbration Ciiu be seen by the disj)lacement of 
a paper rider put on it. The action is similar to that of pushing 
a person on a swing. A number of slight pushes given at the right 
moment soon produce a large swing. Buildings are frequently 
endangered by sympathetic vibrations set up by machinery at 
work in them. The danger is lessened by altering the rate of 
working of the machinery. Stories of bridges and buildings 
fiddled down by musicians owe whatever substratum of truth 
they possess to the well-estaldished facts of sympathetic vibra- 
tions. C-ertainly ships may be endangered ]>y mc(^ting with 
waves on the broadside which have a pericKl ecpial to their own 
period of oscillation ; if the course be not altered so as to change 
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the frequency with which the waves are met, the ship will be 
rolled over. 

Vibrations of Plates. — Chladni (died 1827) » investigated 
the vibrations of strings, rods, and plates, and may be regarded 
as ‘ the founder of modern acoustics ’ (Tyndall). His method of 
making the vibratory motion of plates visible is to sprinkle fine 
sand over the plate, when held by a clamp at its centre (Fig. 10). 
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plate, given in section in Fig. 11 a, if damped at the points N 
and N', would assume alternately the positions given in Fig. 11^ 
^ ^ and 11 7 , the middle part 

being up when the ends 
are down, and down when 
the ends are uj). The sand 
figures alter in the most 
beautiful and astonishing 
way as the i)ositions of the 
damping finger and of the 
I'ig. 12 shows the Siiiid figures ob- 



Fij;. 11.— Vibnitioiis of prlass plate. 


violin bow 


are changed. 


tained by damping respectively the middle point of an edge, 
a corner, and the jioints of tri.section of an edge of a S(|uare 





Fijr 12. -Oiladni’sj liguivn. 


plate. The regions marked -t- are above the average le\ el wh(*n 
those marked - are below, and rice rersd. For a fuller account 
of Chladni’s figuies the reader is refern^d to Tyndall’s *SV/«?n/, 
and for an account of the rather painful tontjs emitted by the 
plates he should consult Helmholtz’s Se?t. nations vf Tone, 

Organ Pipes, Flutes, and Flue -Pipes. — On p. 47.1 a 
description is given of a column of air made to resound to a 
tuning-fork. The column of air of the right length re-enfoi’ces 
the particular note given by the tuning-fork. But when we 
take any column of air contained in a straight tube and make 
a flutter in the air at one end of the tulie, the tube selects 
from the flutter (which is a confused collection of pulses or 
yibrations) that pirticular pulse which suits it and resounds 
to it, making a musical note. This is the principle of flutes and 






in 


VIBRATIONS OF STRINGS, PLATES, AND PIPES 


481 




organ pipes. The flutter is usually made by forcing a stream 
of air across a sharp edge at one end of the tube. 

Fig. 13 gives a longitudinal section of a stopjled wood pipe. 
The air is driven by the bellows into the air-chamber C. From C 
it can only escape through the narrow 
slit s.% which directs it against the 
sharp edge tt ; the air current i)assing 
inside or outside this edge causes 
cither condensation or rarefaction in 
the pipe, thus starting vibrations in 
the air column BB, which in their 
turn control the current. The vibra- 
tions of the air in the pipe die away 
almost at once when the air current 
ceases. Air, as well as other fluids 
(p. 131), is viscous, and the energy of 
sound waves is dissipated in the form 
of heat. The pipe rejiresented is 
‘ stopped,’ that is, a plug is inserted 
in the to]) of it, nmking the top of the 
pipe a node ; its sonorous wave (see 
j). 473) is four times the length of the 
column BB, hence its note is an octave 
deeper than that of an open pipe of 
the same length. A stopped wooden 
pipe is often t^ie pipe of the deepest 
tone in a small organ, as it is possible to 
get a 1 6-ft. tone with a pipe 8 ft. long. 

Fig. 1 4 represents an open metal 
pi 1 ) 0 , usually made of tin. The 
arrangements of air chamber, narrow 
slit and sluirp edge are the same as in the wooden pipe (Fig. 13), 
and, as is partially explained in the next paragraph, the sonorous 
wave is twice the length of the pipe. The open diapason stop 
usually seen in the front of an organ consists of metal pipes 
such as that illustrated in Fig. 14. 


Fik. 13.— Stoijpcil 
ciiai>tt»on — w<Kjd. 


Fig. 14.— open 
diapason— metal. 
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Nodes and Loops in Organ Pipes. — In a stopped pipe it is 
plain that the air at the closed end B (Fig. 15) of the tube is 
not free to vibrate up and down, so that at the point B we have 
a node, i.e, a point where there is no vibration, though great varia- 
tion in pressure. A, on the other hand, the middle point of a 
ventral segment, is a point of maximum vibration, sometimes 
called a loojf ; but the variation in pressure at A is slight. 
Suppose the air at A to start vibrating upwanis. By the time 
it has come to the end of its upward swing the wave of com- 
pression will have reached B, w^here it is reflected and rejiches 
A again in the middle of A’s downward journey. Now the air at 
B begins to be rarefied, and the maximum of rarefaction at B is 

reached when the air at 
A is at the bottom of its 
downward swing. Thus 
the air at A executes a 
complete vibration in the 
time re(piired for, first, a 
wave of compression, and 
then a wave of rarefac- 
tion to pass from A to B 
and back again. Hence 
the M^ave length of the 
fundamental tone of the 
stopped pipe is four times 
its length.. It is import- 
ant to note that, when"* 


\C/ 

V 


\D/ 






ccL) 

Pig. ]5.-~No(le8 and ventral segiuenU-stopjjed pijM-s. ^hc air at the Opeil end of 

a pipe is vibi^ting outwards, a wave of rarefaction travels back 
into the pipe. . In other words, wJien a wave of comjpression reaches 
the open end of a pi 2 )e, it is reflected as a rarefaction. This should 
be remembered in looking at Fig. 15 (/J), in which the two 
positions of the dotted line at A correspond to the two extreme 
positions of the air at A. Compare also Fig. 13 on page 436, 
and Fig. 8 on i page 477. The transverse vibrations of a 
stretched stringi travel up to the nodes at the end, which 
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reflect them back like the stopped end of a pipe. Note that 
the distance between ant/ node and the next loop is a qtmrter wave 
length. Therefore, of course, the distance between two successive 
nodes (as in Fig. 8) is a half wave length. And this fact affords 
a method of measuring the velocity of sound if we know the 
frequency of the tone emitted. The stopped pipe in Fig. 13 
can be converted into an open pipe by removing the plug B 
(which is movable for purposes of tuning). It is found that 
the open pipe gives a note approximately an octave higher than 
a stopped pipe of the same length. This will be realised more 
clearly on comparing Fig. IG (a) with Fig. lo (^). While the 
wave length is four times 
that of the stopped pipe, 
it is only twice that of 
the open pipe. (See also 
page 473, footnote.) 

To see that there is a 
node in the middle of an 
open pipe, it is necessary 
to have one made with 
a glass side. In this we 
can lower by a string a 
ring with a membrane 
of thin sheet india-rubber 
stretched over it, on 
which a little fine sand is 

laid. At the mouth of Ifodes and ventml segments— open pipes. 

the tube the membrane 

gives a buzzing sound and the sand jumps about, but as we lower 
the string, we find a point where the buzzing ceases and the 
sand is still. This is a node, and is halfway down. Now both 
the stopped and the open pipes give other tones besides the 
fundamental tone (see page 477). If the current of air is 
strengthened, higher tones are heiird. But these overtones are 
limited for a stopped pipe by the fact that one end must be a 
node and the other a loop. If Fig. 1 5 (y) and (8) be examined, 
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it will be seen that the upper partial tones must have frequencies 
which are 3, 5, 7 . . . times that of the fundamental tone. 
In an open pipe, the nodes are distributed symmetrically (sec 
Fig. 16 (f^) and (y), and the upper partials have frequencies 
which are 2, 3, 4 . . . times that of the fundamental tone, 
just as in the case of a stretched string. The positions of the 
nodes can be determined experimentally as before. 

There is an interesting pirallel between the ‘ singing arc * 
(p. 832) and an organ pipe. The current corresponds to the 
stream of air and the controlling coil to the volume of air in the 
pipe; the arc gives the flutter. Or, to take a more familiar 
illustration, the mainspring of a watch and the weights of a 
clock supply the energy required to keep them going. The 
balance-wheel and the pendulum control this supply and give 
the time to it, and correspond to the resonance coil of the 
musical arc and the air column of the organ pipe. 

Velocity of Sound in Solids, Liquids, and Gases. — AVhen a 
rod of wood or glass is rubbed, vibrations are started along it, 
longitudinal lil/rations we may call them. These are of exactly 
the same nature as the vibrations of the air in an organ pipe ; 
but they are transmitted with greater speed owing to the greater 
elasticity of solid substances. A musical tone can be pi'oduced 
by such longitudinal vibrations. On compiring the length of a 
rod of pine-wood giving a certain note with the length of a 
column of air in an organ pipe giving the same note, we find 
that the pine rod is ten times as long as the column of air, and 
we conclude that the velocity of sourfd in pine-wood is ten times 
the velocity of sound in air. Chladni is the inventor of this 
method of determining the velocity of sound in elastic solids ; 
also by filling organ pipes with different gases and liquids, and 
comparing them in length with pipes filled with air, giving tones 
of the same pitch, he was able to calculate the relative velocity 
of sound in those gases and liquids^ For instance, a pipe full of 
hydrogen giving a certain note is four times as long as a pipe 
full of oxygen giving the same note. Hence the velocity of 
sound in hydrogen is four times the velocity of sound in oxygen. 



CHAPTER IV 

Kkkd Instkumknts 

Hoed IM]>cs — T) k‘ Larynx— Vocal Cords— Wood Wind — Brass Instruments. 

Reed Pipes. — 'Idic principle of reed })ipes is the same as that 
of the siien. Air is driven through a passage where there is 
a close-fitting door fi*ee to o])en or shut. The 023cning and 
shutting of this door hi'caks tlui current of air into puffs, and if 
the opening and shutting foIk)W at regular intervals a musical 
tone is produced. The door or reed is generally a tongue of 
metal, which fits closely over the opening through which the air 
is driven. An harmonium vil)rator or reed is shown in Fig. 17. 
It is ca])al)le of vibrating between the two extreme positions 



Kij;. 17.' Uuniuaiimu 


and //., ; the arrow shows the direction of the current of air. 

The harmonium and the American organ both have a free reed 
as illustrated, working clear in the slot of the frame of the reed. 
The reed of the harmonium is, however, worked by pressure, 
the air being forced through by bellows ; the reed of an 
American organ is worked by surfion. TIiq difference between 
the two metlnxls may be illustrated by^ the Je>v’s harp. When 
the breath is diawii in, the American organ is illustrateVl ; the 
tone is less annoying than when the breath is blown out ; this 
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is partly due to the resonance of the mouth. In an American 
organ a wooden tube is sometimes added iifter the reed, which 
modifies the tone in the same way. 

Fig. 18 shows a section of a reed pipe in an organ. The 

free part of the tongue can be lengthened or 

shortened by means of the movable tTining wire, 
which presses against the reed or tongue ; thus 
the pitch is lowered or raised, and the pipe 
brought into tune. The reed may be a ‘free 
reed,’ as in Fig. 1 7, but in most stops English 
organ-builders employ a ‘ striking reed,’ in which 
the reed or tongue comes down on the edges of 
the slot and completely closes the hole ; such 
a reed is shown in Fig. 1 8, though the ‘ throw 
off ’ of the reed from the tube is e.xaggcratod : 
it could not l>e seen otherwise. These are more 
powerful than free reeds, but there are some 
stops, such as the cor anglais, in wliich the free 
reed is more commonly used. The ti*umpet, 
1 ^ oboe, and cornopean are also reed stops. 

Bassoons, oboes, and clarinets are reed instru* 
I ments ; and the human lips in conjunction with 

I ’sK brass instniments, as 

I human 

l vocal cords, are fur- 

ther examples of the 
same thing. 

The Larynx. — If 
a tube of wood is cut 
Fig. 18. wedge fashion as 

"*Vox Si’nr" ^ 

then two strips of 
sheet india-rubber are stretched on Fig. lo.-Artificiai lan^nx. 

each side, so as to leave a narrow slit running across between 
the iwo sharp points of the wedge, an artificial larynx or 
voice producer is made. The vibrations of the two sheets 


Fig. Il>. —Artificial larynx. 
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^'of india-rul)l>er, or immhranes, as we shall call them, open and 
close the slit and act in the same way as the reeds we have 
been describing, converting the continuous breath into a suc- 
cession of puffs. The human larynx is an instniment of this 
kind. The two memliranes are called the vocal cords. They are 
stretched across the trarkm or wind-pipe, leaving between them 
a small slit cfdled the (flotiis. The length and tension of these 




o 


e, Section of ring cartilage. 
hy ,, ,, shield cartilage, 

c, , , , , lower \ 

voice inenibranes . I ‘ vocal 
dy Section of upper j cords.’ 
voice membranes . ) 

Oy Aperture for breathing, 
which is closed in singing by the 
stretching of the vocal cords. 
Between the upj»er and lower 
voice membranes can be seen the 
rcntriciili moryngni. The figure 
on the right is the vocal passage 
seen from above. 


Fig. 2rt.-- Huniaii larynx. 


vowil cords can bo altei-ed with groat rapidity ; hence the 
extreme flexibility and great range of kme^ usually^ called compass^ 
of the human voice. A picture of the larynx is given in Fig. 
20. The tightening of the membranes makes their vibrations 
more rapid, and so raises the pitch. A deep bass note is pro- 
duced by largo slow vibrations of the vociil cords. The perfect 
voice is one in which the glottis is opened and closed with per- 
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feet completeness and regularity. The quality of the tones can, 
however, he greatly varied hy altering the sliapi^ of the air 
chamber inside the mouth and of the mouth itself. The tones 
of the voice are very rich in upper partials (sec p. 478), and the 
mouth can he altered so as to resound to one or other of these 
upper partials. It is in this way that the ditt'enMit vowel sounds 
are produced. The sound oo in mum is ])roduced wlnm the 
fundamental tone only is re-enforced. Other vowels contain 
admixtures of the upper partials in vanojis pro]>ortions. It is 
easy to find out for oneself that the mere altering the shaju3 of 
the mouth produces the change of vowel sound. Sing (or say) 
the vowel t/A, and without altering the note change the sound to 
o//, and then o<k You will he conscious of no alteration in the 
region of the wind-pipe, hut you will find that a considerable 
change has to he made in the shape of the mouth. JI(‘lndioltz 
analysed the vowel sounds into their constituent tones, imitated 
these tones with tuning-forks, and then, by recombining the 
sounds of the tuning-forks, he succeeded in n'producing the 
vowel sounds artificially. 

Wood Wind. — The reeds and membranes we have Imhmi 
speaking of have each its own penod of vibration, and the tone is 
determined by that j)eriod, which depends (»n the size and stitl- 
ness or tension of the reed. The varying tones of tln^ voice are 
produced, as we have already pointed out, by altmation in the 
shape of the glottis and the tightness of the vocal conls. Ihit 
in a wood wind instrument like the clarim‘t, one riaal has t<» act 
for the whole series of notes. In such instruments the. reed is 
very light and loose, and capable of vibrating in sympathy with 
the column of air it belongs to. The length of this column of 
air is altered by the jjosition of the fingers on the stoi)s, as in 
the flute. 

Brass Instruments. — In brass instruments, such as the French 
horn, the place of the reed is tfiken by the lips of the j)erformer, 
stretched acmss the mouthpiece. There is some difi’erence of 
opinion as to whether the lips have their own pericnl of vibration, 
like the vocal (rords, or whether, like the light wooden rewl 
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of the clarinet, they tfike their time from the resonating air 
column in the instrument. The opinion of performers seems in 
favour of the former explanation. This is confirmed by the 
fact that many notes can be sounded faintly ])y the ’lips using a 
mouthpiece alone ; but the presence of the resounding column of 
air is necessary to make the vibrations steady, as well as to re- 
enforce the tone. 



CHAPTER V 

Discord and Harmony 

Musical Flames — Interference — Beats — Discord and Harmony — Tempered 

Intonation. 

Musical Flames. — It has been stated (p. 480) that, to make a 
column of air in a pipe vibnite, it is necessiuy to create a flutter 
near the end of the column. a flute this is done by blowing 
sharply across the edge of the mouthpiece. A flame can be 
made to serve the same purpose. When we blow gently at a 
candle flame it flutters. The flutter is made up of pulsations of 
all sorts of frequency, any one of them capable of starting vibra- 
tions of the siime frequency in a column of air. Take a straight 
piece of tin tubing of diameter 3 or 4 inches, and lower it 
gradually down over a lighted Bunsen burner. The air in the 
tube begins to vibrate, and as the tube is lowered the noise l^e- 
comes almost deafening, and the 2>Rl*'5ations become so violent 
as sometimes to extingiiish the flame. Similar, but less Auolent, 
effects can be produced with glass tubes over small pinhole 
burners, with the additional a<lvantage of the beautiful vibra- 
tions of the flame l>eing visible. Take two ghiss tul)es of different 
lengths and a pajier slider tightly fitting over the shorter tulie, 
so that it can be lengthened by pulling up the slider. Place 
the,tul>e8 over two pinhole burners, as shown in Fig. 21, and 
lower the shorter tube till it l>egins to sound its note. Then 
raise the j^aper slider. The note becomes gradually deeper ; and 
when the tube becomes t^e same length as the other, sym- 
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pathetic vibrations are started in that, so that it too begins to 
sound its note. 

Interference of Sound Waves — Beats. — -Long tin tubes 
over Bunsen burners give very 
loud deep notes, and give a con- 
venient way of illustrating what 
musicians call beats. For this 
two tubes 3 or 4 ft. in length 
should be tiiken, one of them being 
fitted with a slid(‘r by which its 
length can be increased. Hold 
these tubes o\'er two lighted 
Bunsen burners (preferably larg<* 
safety Bunsens), an<l they sound 
the same note if tlieir length is 
the same. Now pull out the 
slider so as to increase the. length 
of one tube by 2 or 3 in., and at 
once a throbbing in the sound 
becomes notict‘abl(», the throbs following with greater rapidity 
as the slider is pulled further out. With tubes 4 ft. and' 4 ft. 
2 in. long there would be four throbs a second. When the 
slider is pulled out so far that the throbs cannot be counted, 
the sensation becomes painful to the ear, what we call a 
discord. Tln\se throbs, or beats as they are called, are due to 
interference of the two sets of sound waves. An explanation of 
the notion of interference is given in the chapter on Wave 
Motion (p. 445). Suppose avc have two sets of sound wav(?s, 
one set spreading out at the rate of 200 a second, and the other 
set at the rate of 201 per second. Suppose also that a' wave of 
one set reaches our ear (‘xactly at the same moment as a wave 
of the other set. A second later the same thing happens ; but 
in the meantime the Avaves have not been arriving simultaneously; 
in fact, just half way between, a crest of the first set of waye^ 
has arrived simultaneously with a trough of the other set, and 
supposing the two sounds to be of equal intensity, the result at 
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that precise moment must have been silence. Once every second 
then the sound swells to a maximum, and once every second it 
falls to a muiimum, and the effect on the ear is a heavy throb- 
bing, one throb every second. If the two sounds have vibration 
numbers 200 and 205, the throbs are at the rate of 5 every 
second. For, since these numbers correspond to 40 and 41 
waves in each fifth of a second, it is plain that there is one beat 
in each fifth of a second. The number of beats a second is always 
the difference of the vibration numbers of the two sounds to 
which the beats are due. 

Discord and Harmony. — Thei-e is nothing very unpleasant 
ill slow beats, and with low tones whose vibration numbers arc 
small, discords are not very noticeable, and only a practised ear 
can tell whether a low note is out of tune. But when the ]>eats 
amount to 30 or 40 per second, the roughness of the sound 
becomes most acute. When the number becomes greater than 
this the ear begins to lose its perception of the alternations in 
the sound, which ]>ecomes more and more continuous. It is 
found that the roughest di.scords are due to beats of from 30 to 
40 per second. A ditierence of a semitone in the upjier part of 
the scale would give a discord of this kind. But lower down 
the scale the difference in the fre(|uencies is smaller. For 
instance strike simultaneously the lowest C and sharp on the 
piano. You hear about 2 beats a second, and your ear is not 
offended. The frc(piencies are 33 and 35. But go up four 
octaves and strike the C and C shar]) there. The fre(|uencies 
are 528 and 5()1, and the discord is very acute. 

It is now easy for us to understiiiid why tones whose fre- 
quencies bear simple ratios to each other shoulil give pleasing 
harmonies when sounded together. Take for instance the 
middle C of the ])iano and its fifth, the (J above it. Their fre- 
quencies are 264 and 396, so that three vibrations of the former 
occupy the same time as two of the latter, and the two sets of 
waves will coincide in phase 132 times every sc^cond ; in fact the 
tone of the C an ocDive below is distirictly audible when these 
two notes arc soundex! together. For further illustration the 
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chapter on ^Yilve Motion (p. 430) should be consulted. The 
dark line in Fig. 22 shows the wave form resulting from a 
tone and its fiftk 



— H«*sult{iiit wavf— U)Ufi and its lifth. 


Tempered Intonation. — The intervals on the pianoforte, 
and other instruments with keyboards, are not absolutely true. 
This deviation fi-om true intonation is not offensive, because our 
ears can be educated to accept, as true, intervals which are 
(within narrow limits) not true. The ratios of the frequencies 
of the octave ai e 

C : D : K : F : G : A : B ; O' 

•24 : 27 : liO ; 32 : 36 : 40 : 45 : 48 


Notice that C : D = 8 : 9 and D : E = 9 : 1 0. 

it is plain then that the interval C : 1) (one in eight) is 
greater than the interval 1):E (one in nine). If a jnano were 
tuned for the key of C, then it would not be in tune for the 
key of 1), because E, which ought to be a full tone above 
1), would be a trifle Hat. Accurate or just intonation would 
necessitate sejjaratcj key boards for different keys, or at any rate 
a much larger number of notes than there are at present. The 
(litficulty is got over by dividing the octave into twelve equal 
intervals, which are called semitones. Then C to 1) is two 
semittmes, or a full tone, aifd six of these should t^ike us up to 
C', whose frequency is to that of C as 2 to 1. Suppose we 

take the ratio of frequencies for a full tone as ^ . Now 


/9 Y 531441 ^ 53144 1 ^ ^ 74 

\8 / 26*iF44 ^ 524288 “ ^ 73 


nearly. 


If this little deviation -Z J be distributed over the tw^elve semi- 
tones of the ocUivc, no interval exeept the octave will be 
absolutely true : but otic key will be as much in tune as another. 
This modification of the intervals is called Equal Temperament 
and is found more or less in the keyboards of pianos and organs. 



CHAPTEK VI 

Instruments for the Keukftion of Sound 

The Ear — The Plionograjih — Sensitive an<l Manometric Flames. 

The Ear. — The most remarkfiblc property of the ear is its power 
of distinguishing the quality of sound. We know that the pitch 
of a sound depends on the rapidity of the vi]>rations, and the 
loudness on the amplitude (or length of swing) of these vibni- 
tions. Y<*t, in addition to the j>ower of recognising pitch and 
loudness, the ear has the faculty of distinguishing l>etween 
different musical instruments, of telling ‘ w hat is piped or harped.’ 
Now the qualiff/ of sound depends on the ])i’oportion and strength 
of the upper partials which accompany the fundamental tone; 
and the form of the waves in the air must ]»e altered by the 
presence of the.se upper pirtials (.see Wave Motion, p. 431). But 
two waves of the .same (juality may yet have a different form. 
This is manifest from B''ig. 23, tiiken from Helmholtz’s great l)Ook, 
Sensatiam of Tour, A i.s the wave frmi of a fundamcnUil tone, B 
that of its twelfth. In C and D the dotttjfl lines are copies of A 
for purposes of comjmrison, while the other line is the curve com- 
{)ounded of A and B. In C the two cur^ es are com|X)unded as 
they sUind ; in D the curve B has Ikhui first slid half a wave’s 
length to the right and then guided to A. * There is considerable 
difference between the two compound wave forms, and yet the 
ear would be incapa}>le of distingui.shing any difference in the 
qualities of the sounds which they represent. The ear would in 
fact separate the complex sound into the two components, and a 
trained listener could distinguish them. It would seem that the 
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car lias stmic apparatus ff)r separating a compound motion of the 
air particles into its constituents, and transmitting them separately 
to the lirain. It has hcen supposed that each minute fibre of the 
auditory nerve, the nerve that connects the lahyi*inth of the ear 
with the brain, has its own special tone to which it responds. To 
illustrate this point, a further experiment in sympathetic vibra- 
tions (see p. ITS) should be made. Ibiise all the dampers of 
the notes of a piano by putting down the open pedal, and sing 
shai'ply the vowid sound ah against the sounding board, stopping 
to listen h»r th<‘ response. Each wire will select the particular 
constituent of the sound which is in sympathy with it, and the 



coin])ound tone given back by the wires will be a surprisingly 
p(*rfect (di. M>amp ' the wires by taking the foot oft the pedal, 
then ]»ress it down again, afid try the same experiment with o(\ 
then with rr. In each case the wires reproduce the sound. 
Now we. may suppose the dilterent fibres of the auditory nerve 
to act like the piano wires, and each to select that particular 
ripple in the big wave with which it is in sympathy. Ihe 
mechanism by which the sound is communicated to these^ fibres 
is given, life size, in Fig. 24. 

D is the funiicbshaped entrance to the outer passage called 
the meatus, which is narrowest in the middle. CC is the drum- 
skin separating the outer air from the inner cavity, the 
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tympanum or drum, BB. This is connected with the throat by 
a tube E called the Eustachian tube, which is usually closed, 
but opens in the act of swallowing. This is the only connection 
of the drum ynth the outside air j but the occasional opening 
of the tube ensures that the air in the drum is at the same 
pressure as the air outside. A series of three small bones con- 
nects the drumskin with the labyrinth A. This labyrinth is a 



chamber in the petrous bone of the heiid, filled with fluid, and 
of a curiously complex shape. Part of it is like a snail’s shell, 
and is called the cochlea. With the labyrinth are connected the 
fibres of the nerve of hearing. The drumskin and the three 
small bones of the ear — the hammer, the anvil, and the stirrup, 
form a wonderful contrivance for converting the vibrations of the 
outside air, which are of small force but comparatively large 
amplitude, into vibrations of small amplitude but great force 
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communicated by the stirrup to the labyrinth. This chain of 
bones, shown faintly in Fig. 24, is given enlarged in Fig. 25. 

The Phonograph. — Edison’s phonograph is in its principle a 
simple instrument, though its details are worked out to perfection 
with wonderful ingenuity. It consists in the first place of a 
mouthpiece A (Fig. 2G), with a drumskin B of extremely thin 
glass to which the vibrations of the air are communicated, and to 
which a graving point G is attiiched. If this pQint is in contact 
with a soft substance, a vil)ration communicated to the drumskin 
^vill make the needle pierce into the soft stuff, the stronger the 
vibration the deeper the hole. The soft substance is a ‘ wax ’ 




Fig. 26 .— Section of phonograph. 


cylinder C, which rotates uniformly, at the same time moving 
very slowly lengthwise, similarly to the arrangement in Fig. 3, 
so that M^hen the drumskin is at rest the graving-point traces 
out on the cylinder a spiral groove of uniform depth. But 
when a sound sots the drumskin in vibration, the depth of 
this groove is not uniform but graven into hills and valleys 
corresponding to the rarefactions and compressions of the air. 
In this way a faithful record of the sound is made in ‘wax.’ 
To reproduce the sound, another more delicate point attached 
to a similar drumskin is made to work in the same groove. 
The cylinder is rotated and shifted sideways at the same pace as 
before, and thus the second membrane reproduces exactly the move- 
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men ts of the first. These movements communicated to the air result 
in the same sounds as those which originally dug out the groove. 

The refinements of detail extend only to the apparatus for 
giving motion to the cylinder of wax, the material of the ‘wax,’ 
and resonators or arrangements for making the sound audible. 

Sensitive and Manometric Flames. — Sometimes when a gas 
jet is turned up too high, it roar.s. This roaring and fluttering 
of a flame, as described above (p. 490), is due to friction be- 
tween the air and the heated stream of gas. If the flame is 
turned down, a point may be reached wliei’e it just ceases to 
roar, but where a very little disturbance in the air will set it off 
roaring. With an ordinaiy gas jet at ordinary pressure, it is 
difficult to get to this point ; and some special arrangement is 
necessary to obtain a really satisfactory sensitive flame. Professor 
Tyndall’s vowel-flame is made by a narrow stream of gas issuing 
at very high pressure from a pinhole steatite burner. In this 
way he obtained a flame about 2 ft. high, extraordinarily 
sensitive to sounds. A sharp sound like a hiss or the jingling of 
a bunch of keys makes this flame shrink down to a few inches, 
and the flame is even aide to show* the difl’ercnce between the 
vowels. Oo has no effect on it, o makes it quiver, ve has a stronger 
effect, and ah a still stronger. This confirms what Helmholtz 
discovered about the ^ owels. The flame answers most to sharp 
sounds ; and those vowels in which there are most of the higher 
upper partials have the greatest effect on it. Foi* a description 
of this flame and others the reader is referred to Tyndall’s 
Sound. We will, however, descri])\5 a remarkably sensitive flame 
discovered by Mr. Philip liirry, which can easily ])c constructed, 
and which has the great advantage of recjuiring no pressure of 
gas beyond that in the gas mains. A pinhole burner (a glass 
tube drawn out to a neck and filed off* answers the purjK>se) is 
fixed about 2 inches below some fine wire-gauze, of about thirty- 
two meshes to the inch, laid on the ring of a retort stand (see 
Fig. 27). The gas is turned on and lighted above the gauze. If 
the gas is full on, the flame roars or flutters. If the gas l>e turned 
down gradually till the fluttering just ceases, a yellow cone of 
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iliimc is obtained which, at any sharp sound, such as the jingling 
of keys or the sounding of the letter ,s', shrinks down to the 
gauze. It is curious to see 
this llame jump at every s [ , 

that occurs in o]*dinaiy con- J 

versation. A further de- 

velopiiKMit can he made ly A . 

fixing a glass tuho, a foot or | 

more in leiigth, o\ er ^ ^ 

gives its not(* loudly ; when 
low, no sound is lK‘ard ; hut 

, 1 . , , Fij;. *27. — ttarrv’s sciiMlivt* fliune. 

when the gas is lowered to 

the sensitive jioint, a sharp sound or the whistling of the note of 
the tube makes the tube sinir. 



Imm'j 1 


a i 



In Konig’s Manometric Flame the vibrations of the air do 
not affect the flame directly, but through a stretched diaphragm 
which is in contact with the unlighted gas. A spherical chamber 
(Fig. 28) is divided by a stretched rubber diaphragm DD into 
two parts, one of which V is open to the air, and the other G to 
gas which issues through a small pinhole burner. A speaking-tube 
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A is connected with the open compartment V of the chamber. 
The vibrations of the voice of course make DD vibrate, and so 
cause the fl^ime to jump. But the eye is not quick enough to see 
any change in the flame. To see the change, it is necessary to 
look at the reflection of the flame in a rotating mirror (Fig. 
28), AATien the flame is steady, the reflection appears as a long 
Imnd of light, but when a note is sung into the mouthpiece, the 
vibrations of the flame are shown by this band being divided into 
separate forks of flame (Fig. 29), the up and down motion of the 
flame being shown by the forward inclination of the forks. 



Fig. 29 gives representations of the ap|>earance profliiced by 
different tones and combinations of tones. A simple tone pro- 
duces a regular succession of deep indenUtions ; when the tone is 
complex and rich in upper partials, these make themselves mani- 
fest by further small indentations, so that the quality of the sound 
can be accurately judged from the form taken by the reflection in 
the rotating mirror. The shape of the serrated bands will }>e found 
to correspond very closely with the shape of the grooves cut out 
by the same sounds in the wax cylinder of a phonograph. 
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Nati'iik of I.ioht 

liUininous junl Aoji-luiniinnis liodirs \'«*lo< ity of Li^dit — liidncr’s observa- 
tions of’ .lupiter’s Suldlites — T\v<» Tlieories as to llie Nature of Liglit — 
Deiinitioiis. 


Nature of Light. — Light is ihiit ]>art of the mechanism of the 
universe wliicli ]>y its action on our eyes ena])lcs us to see things. 
It is j)lain that light must be something external to the eye, 
for in the absence of light the most powerful eyes can see 
nothing. When we see an object, light conies to our eyes 
frcnn that object. Some boditjs, such as the sun, or a candle, 
have liglit of their own. Such bodies we call luminous, or 
self-luminous, 'riiere are others which are non-luminous. The 
objects in a dark room are invisible to us until a match is 
struck ; tlien they become ^ isible to us, because some of the 
light from the match falls*on them and from them travels to 
our eye.s. Tlie moon may he said to be non-luminous, because 
the light wliich she sheds on us comes originally from the 
sun ; and the j^art of the moon on which the sun is not 
shining is invisible to us, or if visible owes its visibility to 
earth light. 

Velocity of Light. — The discovery that light possesses a finite 
velocity made an epoch in the history of mans knowledge. 
For {ill distances on the earth the speed with which light travels 
is so great as to seem infinite. Until 1676 it was thought tlnat 
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light was transmitted instantaneously ; astronomy, then, proved 
the contrary. 

The planet Jupiter has been closely watched by astronomers 
of all ages. Since the invention of the telescope his four chief 
moons have also been observed, and their motion round him 
accurately determined. The Danish astronomer, Romer, calculated 
the times of eclipse of one of the moons, i.«. the instants at which 
it should pass behind the planet and emerge from his shadow ; 
and he noticed considerable discrepancy, sometimes amounting to 
fifteen minutes, between the calculated and the observed time. 
He noticed also that, when Jupiter and the earth were on the 
opposite sides of the sun, the moon was always later in its 
appearances and disappearances than it should be, according to 
the calculations made when Jupiter and the earth were on the 
same side of the sun ; also that when the earth was once more 
on the same side of the sun as Jupiter the observed times agreed 
once more with the calculated times. He reasoned from this 
that the apparent unpunctuality was due 

© to the greater distance through which 
the light had to travel. Thus in Fig. 

I 1, if S be the sun and J Jupiter, some- 
thing happening at J will be seen at E 
before being seen at E', if light takes 
time to travel ; and an observer who has 
calculated the instant of an eclipse of J’s 
moon, on the supposition tliat his own 
» /t** V . distance from Jupiter is EJ, will find 

his calculated time too early if he be re- 
moved to the point E\ The diameter of the earth’s orbit being 
knoyrn, it is easy to find the distance EE\ This distance divided 
by the difference between the observed and the calculated times 
will give the velocity of light. Romer determined it at 192,000 
miles i^er second. This is too great, owing to his having used 
an incorrect Value for the diameter of the earth’s orbit Recent 
determinations by direct methods, invented by the Frenchmen 
Foucault and Fizeau, fix the velocity of li^t at about 186,000 
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miles per second. Various other methods have been used to 
determine this ; it is enough for the present to say they all agree 
fairly closely. / 

Two Theories of the Nature of Light. — Light then is some- 
thing which travels with a known speed. Two great theories 
were started, and for a long time discussed, as to what it was 
that travelled. Is light a thing, or a state of things ? Iri the 
chapter on Wave Motion (p. 422) we have given an illustration 
of each kind. A procession is passing along a crowded street. 
The crowd remain in their places, but a disturbance, an excitement, 
a cheering and waving of hats, moves along the crowd at the 
same pace as the carriages that form the procession. Is light 
something of the nature of the procession, that is to say, a stream 
of luminous particles, or is it a disturbance, a stream of waves 
passing through some crowd, some medium capable of being 
* disturbed ? The first theory, that light is a stream of luminous 
particles or corpuscles emitted by the luminous body, is called 
the emission theory or the cm'puscular theory. It was supported 
by Sir Isaac Newton, who worked it out with the utmost ingenuity 
and skill ; and his great name and reputation helped to make it 
generally accepted for a very long time. But it was found in- 
capable of explaining many phenomena discovered since Newton's 
time, and it has now been abandoned. The other theory, that 
light is a disturbance travelling in some medium, is called the 
undulatory theory or wave theory. “The triip founder of the 
wave theory is undoubtedly Huygens, who in 1678 first stated 
it in a definite form, and in 1690 published a satisfactory explana- 
tion of reflection and refraction on the supposition that light is 
due to wave motion in the ether.” ^ For a long time Newton 
himself was favourably inclined to this theory, but finding it 
unable to account for the propagation of light in straight lines, 
and also polari|jG^tion, he finally discarded it. We have showp 
(WkvE Motion, p. 450) how the passage of light in straight lines 
and the theory of shadows follow at once on the assumption that 
the wave-length of light is very small. Polarisation will be 
^ Preston, Theory of Light, 
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considered when wo come to it, and all the phenomena of light 
Avill be referred to and explained by the wave theory. If we 
find this theory capable of explaining all the observed facts and 
of predicting facts since observed, we must feel as convinced of 
its truth as of that of the laws of gravitation ; and we shall be 
prepared to accept the assumption that it demands, viz., that all 
spac6 is filled with a mysterious medium, the ether, whose undula- 
tions, when they affect our sense of vision, we call light. For 
the i)resent, it may simply be stated that the wave theory was 
laid on one side until T)r. Thomas Young, at the beginning of 
the nineteenth century, discovered the principle of interference, 
and by its means explained the rectilinear proj^agation of light. 
However, his work passed unnoticed for many yeiirs. “To the 
celebrated Frenchmen, Fresnel and Arago, Young was first in- 
debted for the restitution of his rights; for they, especially Fresnel, 
independently remade and vastly extended his discoveries.” ^ 
Definitions of Terms Used — Transparency. — When light 
passes through a body without being scattered, the ])ody is said 
to be transparent. Objects viewed through transparent bodies 
are distinctly visible. Glass, water, and certain crystals are trans- 
parent bodies. A perfectly transparent body is itself invisible. 
Glass when thin and jjerfectly clean sometimes approaches to 
this state. 

Translucency. — AVhen a body allows light to pass through 
it, but at the same time scatters some, so that objects are not 
distinctly visible through it, the body is said to be translucent. 
Ground glass is an instance of a translucent body. 

Opacity. — When a body does not allow light to pass through 
it, it is said to be ojmque. Metals are opaque substances. The 
division between the above classes is not very well marked. For 
instance a great depth of water is opaque, and a very thin sheet 
of gold is translucent. 

A substance which transmits light is called an optical meditim, 
or simply a medium. 

Absorption. — When light falls on the surface of a body 

^ Tyndall’s hujld. 
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three things are possible. It may go on and pass through if 
the body is transparent or translucent, it may simply have its 
course changed at the surface of the body without entering the 
body at all, or it may enter the body and not pass out again, 
but be absorbed. It is not lost, even in this latter case, for it 
has an effect in heating the body. 



CUAPTEK II 


Eectiltnkar PropactAtion of Light 

Experiments — Inference — Notion of Rays — Pencils — Shadows. 

Experiments. — A pinhole is made in a sheet of cardboard 
(Fig. 2) and the cardboard placed in front of a candle in an other- 



Fig. 2.~Piti1iole image of candle flame. 

wise darkened roouL On the other side of the cardboard a screen 
6i ^ound’glass or tissue-paper is pk^^ so that the. light from 
til candle can only reach the screen directly through the pinhole. 
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cAn inverted image of the candle flame will be thrown on the 
Bcreen. Each portion of the candle flame AB sends light in a 
straight line through the pinhole P. 

The straight lines cross at the pinhole 
and the image A'B' is therefore in- 
verted. If we make two pinholes we 
shall get two images. Increase the 
number of pinholes and the number of 
images thrown on the screen will in- 
crease and will at length overlap until, 
when the pinholes have become one 3— Diagram 

large hole, we shall have a uniform 

illumination, due to an infinite number of images of the candle 
flame overlapping one another. 

Fig. 

Fig. 4.— Image of sun through small hole. 

A similar experiment may be made by admitting sunlight 
direct through a small hole in a shutter into a darkened room 
(Fig. 4). On the floor will be thrown not an image of the hole 
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(which may be triangular, or of any shape) but an image of the 
sun. This is because the hole is so small, compared with the 
sun’s disc, that it is practically a point P and forms the vertex 
of a cone whose base is the sun’s disc (Fig. 5). This cone being 
produced is cut by the floor or a screen in an ellipse (or in a 
circle if the screen be put at right angles to the direction of the 
light). If the screen be brought up close to the hole, the image 
thrown will then be of the shape of the hole. The same thing 
may be noticed when sunlight passes through the leaves of trees. 
On the ground round or oval images of the sun are thrown. 

. ‘ The motes which people the sunbeams ’ in' a dusty room 
show the sunbeams to be straight lines; and the lines of 
sunlight breaking through clouds are familiar illustrations of the 
straight path followed by light. 

Inference — Light travels in Straight Lines. — This state- 
ment will be modified later, for light possesses the power of 

— =^' 

Fig. 6.— Pencil of rays filling the pupil. 

bending round corners to a certain very small extent. This 
bending is called diffii^ction (see p. 588). 

Notion of Rays. — The notion of rays is explained in Wave 
Motion (p. 450), and it is convenient to assume for many of our 
investigations that light travels in geometrical straight lines. A 
geometrical line, however, has no breadth, and a single ray, even 
if it could exist, could have no effect on our eyes. It must be 
remembered then that when we speak of a ray we mean a small 
bundle or pencil of rays formed by joining every point on a 
small portion of the wave surface to the centre from which that 
wave surface came (Fig. 6). 

When the source of light is very distant, as a star, the wave 
surface is practically plane, and the rays in consequence are 
practically parallel (Fig. 7). The pencil is called a parallel 
pencil. When the wave surface is concave or converging on a 
single point the pencil of rays is said to be a convergent pencil 
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j(Fig. 6). When surface is convex, the pencil of rftys is called 
a divergent p'encif (Fig. 9). 



Shadows — Experiments. — Take a source of light as small as 
possible, such as a pinhole in a cardboard screen placed close to 
a lamp (Fig. 10). The shadows thrown upon a white screen by 
any opaque object, such as a pencil, placed in the stream of lights 



Fig. 10.'— Siiarp shadow* 


are sharp and distinct. If the size of the pinhole be increased, 
or if the cardboard screen be' taken away from the lamp, the 
<tl^e of tlM shadow becomes indistinct, unless the pencil be held 
quite dose to the paper. The same thing may be noticed with 
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sunlight. If a hair is held in the sunlight close to a piece of 
white paper it throws a distinct black shadow : but the farther 
it is taken away from the paper, the fainter and more indistinct 
in outline does the shadow become, until it disappears altogether. 
Notice also the shadows cast by buildings and trees, how as the 
sun declines and the shadows lengthen their edges become 
indistinct. 

Shadows — Explanation. — When the source of light is a 
point, all rays diverge from this point and the shadows cast will 
be perfectlj^ sharp and distinct. In hardly any cases, however. 



Fi;', 11.— Sliadow aiul i)cii umbra. 


can our source of light be considered as a luminous point. In 
general it is a patch of light, every point in which throws its own 
shadow. In consequence the boundary of shadows is generally 
indistinct. The shadows thrown by the sun, for instance, are 
never sharp except when the surface on Avhich the shadow is 
thrown is quite close to the object which throws the shadow. 
The diagram (Fig. 1 2) serves to explain the facts depicted in the 
engraving (Fig. 11). C is an evenly luminous globe, and AB 
is a section of an opaque disc which throws a shadow op the 
screen XY. Drawing the outside tangents from A and B (and 
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all other points on the circumference of the disc) to the globe, 
it is plain that there will be a circular patch, diameter DE, on 
the screen, on which no light 
at all falls. Drawing the in- 
side tangents, we get another 
circular patch, diameter FGr, 
outside of which all points of 
the screen receive the full 
benefit of the globe’s light. 

But between these two circles 
is a ring which is neither 
entirely in the dark nor 
entirely in the light. The 
point P in our figure receives 
light from all points of the 
globe above PQ, or rather all 
points that are outside of the 

, , . , 12.— Diagram. 

cone whose vertex is P and 

base the disc AB. The disc DE we may call the full shadow or 
umbra, while the region between the two circles, whose diameters 
are DE and FG, is called the penumbra. 

The penumbra of the earth’s shadow is a very marked 
feature in eclipses of the moon. 




CHAPTER III 
Intensity of Illumination 

Experiments — Explanation — Law of Inverse Squares — Photometers. 

Experiments. — Take a lamp and cardboard screen with a 
pinhole, as in Fig. 10, and in the stream of light put another 
cardboard, screen witji a square hole cut in it. On the white 
screen beyond a square patch of light is thrown, which increases 
in area and diminishes in brightness as* this white screen is 
removed to a greater distance. The decrease in , brightness is 
rapid. This fact can be shown in another way. In a room 
lighted by a single candle, find the distance from the light at 



which a book of small print is just legible. Then light a 
second candle and place it beside the first. Although the light 
is doubled, the distance from it at which the book can be read 
is not doubled, because the intensity of the light decrea|§s 
too rapidly. If four candles be lighted, the greatest distance 
of legibility becomes double of what it was with one cs^ndle 
only. 

Intensity of Ulumiiiation — ^Explanation. — ^Let O be a l^in-* 
ous point, and . ABCD a square jtperture in a screem JoinijOfvto 
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Ivery point on the boundary of this aperture and produce. We 
have now a pyramid of light, and every point beyond the screen 
that is inside the pyramid will receive light from Q, while points 
outside the pyramid will be in shadow. If another screen is 
put up parallel to the first, there will be thrown on it a square 
patch of light EFGH, which will increase in area as the second 
screen is moved farther off. As it is moved farther off the bright- 
ness of the patch will decrease rapidly. If the distance from A is 
doubled the area of the patch will be multiplied by four, and as a 
natural consequence the brightness will be a quarter of what it 
was. Theoretically this is what we should* expect, no matter 
whether wo adopt the emission theory or the wave theory. 
The argument from energy given in Wavk Motion (p. 445) 
is equally applicable to a stream of luminous particles supposed 
to be diverging from a point. The practical proof depends on 
the method we adopt for measuring the intensity of the light, 
By theory wo have this law — The intensity of illumination at 
any «point varies inversely as the square of the distance of 
that point from the source of light. 

Photometers. — An apparatus for measuring the brightness 
or intensity of light is called a photometer. All photometers 
depend on the law of inverse squares, but may also be used for 
confirming that law. Rumford’s Photometer consists of a screen 
of ground -glass or unglazed white paper, in front of which 
stands an upright opaque rod C (Fig. 15). If two different 
sources of light A and B be placed on the side of the rod away 
from the screen, each will throw a shadow of the rod on the 
screen XY, though the shadow a receives light from B and the 
shadow h receives light from A. If tEe two lights be of equal 
intensity, the shadows will appear equally dark ; but if one 
light be stronger than the other, the corresponding- shadotv 
will be darker, as it will only receive light from the weaker of 
the two. 

In the figure (Fig. 14) the illumination of the lamp is to be 
compared with that of the candle. The lamp or the o$ndle is 
shifted until the twg shadows on the screen appear equally 
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dark, and the distances of the lamp and candle from the shaded 
which each illuminates are then measured. T^ct them be R 



Fig. 14. — Rmiiford's photojiieter. 


and r respectively. Then we have by theoiy — 

Intensity of lamp’s light _ (distance o f 
Intensity of candle’s light” (distance of candle)- r- 

To use the apparatus to verify the law of inverse squares, use 

as the two sources of light a 
single candle and a group of 
four of the same kind. When 
the group of four is placed 
at a distance from the screen 
* double that of the single 
candle the two shadows will 
be of equal darkness. 

The unit by which inten- 
sity of light is measured is the intensity of the light of a 
Standard candle, which is a wax candle of weight one-sixth 
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of "a pound, burning at the rate of 120 grains an hour. When 
a source of light is equivalent to 20 of such standard candles, it 
is said to be of 20 candle-power. 

Buns6n*s Photometer. — When a piece of paper with a grease 
spot on it is held up against the light, the grease spot, being 
more translucent than the rest of the paper, appears brighter. 
On the other hand, when it is held so that the observer’s eye 
and the light are on the same side of it, the grease spot will 
appear darker than the rest because it lets more light pass 



Fig. 16.— Bunsen’s pliotometer. 


through than the rest and reflects less. If now the two sources 
of light to be compared (B and C, Fig. 16) are placed one 
on each side of such a grease spot on the screen A, and shifted 
until the grease spot appears neither lighter nor darker than 
the rest of the paper, it follows that they are throwing lights of 
equal intensity on the paper. Then if I and I' are the intensities 
of the two sources of light, and r and r their distances from the 
paper, we have by the law of inverse squares — 

1- jL 


CHAPTER IV 

Reflection of Light 

Scattering of Light— Reflection at Plane Polished Surface — Laws of Reflection 
— Explanation — Reflection of Pencil of Rays — Images Inverted — 
Refleation of Light in two Mirrors — Kaleidoscope — Reflection always 
Incomplete — Irregular Reflection — Principle of the Sextant. 

Scattering of Light. — AVheii light falls on ground-glass, the 
surface of the glass presents a great number of facets which 
turn the light in all directions. Some passing through reaches 
the eye from every portion of the surface of the glass, so that 
the glass itself becomes visible at all points, and the original 
source of the light cannot be distinguished. The glass is then 
translucent, not transparent, and the light has been scattered at 
its surface^ Some of the light merely has its direction changed 



Fig. 17.— Scattering of light. 


without passing through. It is irregularly reflected and scattered. 
In general, when light falls on an opaque body, some is absorbed 
and some reflected. Unless the surface of the body is polished, 
the light is reflected irregularly, and comes to the eye from all 
points of the surface of the body, so that all points of that 
surface are visible, as in Fig. 17. 

When the surface is polished, however, a ray of light striking 
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it is reflected in one particular direction, and the eye no longer 
receives light from all points of the surface. The surface may 
in fact become invisible, as most of us have found by walking 
into a looking-glass on a staircase or in a shop. It is with 
polished surfaces that we have to do in investigating the laws 
of reflection of light, for polishing means the removal of 
irregularities in the surface. 

Reflection of Light. — The instrument shown in Fig. 18 
consists of a small plane mirror A placed at the centre of a 
semicircular tray ; its surface passing through the diameter of 
the semicircle at right angles to the tray itself. In the rim of 
the tray small holes are bored at intervals of 10 degrees. A 
light held at one of the holes, say that marked 50^, is seen 
reflected at the mirror A by an eye looking through the hole 



Fig. 18 .— Reflection of ligiit. 

marked 50° on the other side. The hole marked 0°, which is 
immediately opposite the mirror, receives its own reflection. 

Again, observe the reflection of objects in still water ; notice 
that the ‘ reflection ’ or rather the image of each object is directly 
underneath the object itself. 

Fig. 19 shows a telescope AB which can work on a vertical 
graduated circle. M is a bath of mercury. The telescope is 
pointed at a star S, whose altitude above the horizon is noted 
by reading the graduated circle. The telescope is then pointed 
in the direction A'B' of the image of the star S' in the bath of 
mercury M, and the graduated circle is read again. The difier- 
enca of the two headings is double of the altitude of the star. 
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Hence S' is found to bo the same angular distance below the 
horizon that S was above it. The star is at siu^h a gi'eat dis* 
tance away tjiat its rays falling on the surface of the mercury 
may be regarded as parallel to those falling direct on the 

ys 



telescope. The surface of the mercury is of course Ijorizontal. 
So we find that the light after reflection inalo^s the same angle 
wdth the surface as before reflection. 

Definition. — A straight line drawn from any point of a 



Fi*'. * 20 . — Xonnal to a siirfaot;. 


surface perpendicular to the surface at that point is ctilled a 
\7uyt'nml to the surface. In the case of a curved surface, as AB 
(Fig. 20), the direction of the surface at any point P. is the 
direction of the tangent plane at that point, and the normal at 
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P is the perpendicular to the tangent ])lane at P, viz. the 
line PQ. 

Laws of Reflection of Light. — (1) AVhen a n^y of light is 
reflected at a surface, the incident ray, the normal to the surface, 
and the reflected ray lie in the same plane. 

(2) The angle between the reflected ray and the iioniial is 
equal to the angle between the incident 
ray and the normal, ix. the angle of j 

reflection is equal to the angle of in- 
cidence. 

* Thus in Fig. 21, XV is a section of 
the surface which is supposed to lx; pei*- 
pendicular to the planer of the ])aper. 

Hence the, noiaual to the, sinbice at will lie in the plane of the 
paper. A ray from P, a point in the plane of the, pa 2 )er, strikes 
the surface at so that the incident ray PQ and the normal 
both lie ill the plane of the paper. Then liy law (1) th(», reflected 
ray QK will also lie in tlui plane of the paper, and by law (2) 
the angle KQN is cvjual to tlu^ angle i\)N, and of course KQX is 
therefore equal to P(^!\', 

Theoretical Explanation. — For an explanation of the laws 
of reflection according to the ^vavc theory of light, see Wave 
Motion, })p. 4-11-443. Newton, Avorking out his coiqiuscular 
theory, assumed his luminous particles to be perfectly elastic, 
in which case they would obey the laws of reflection. 

Reflection of a Pencil of Rays in a Plane Mirror. — Let 
XY be a jilane min*or, A a luminous ])oint from Avhich a pencil 
of rays AQ^ AQ.^ etc. diviuges. Let the reflected rays be 
Qylig, etc. Now draw AM perpendicular to XY, and suppose it 
produced so that MA^ = MA. Join A^Q^, A^Qo, etc. By Euc. I. 4 
we have the angle A^Q^M = AQ^M. But AQ^M = by the 

laAV of reflection. Therefore A^QjiM = R^Q^Y, and therefore 
AjQj^ is in the same straight line Avith Similarly Aj^QjjR.^, 

AjQ^Rjj, A^C^i^R^ ai*e straight lines. Hence it is plain that all 
the rays after i*eflection appear to come from the point A^. 
Therefore an eye suitably placed Avill see a reflection^ or rather 
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an image of the point A in the mirror at A^. Notice that the 
image is a virtual image, that, is to say, the reflected rays do not 
actually pass through A^, only their directions produced backwards 
pass through A^. 

[See also Wave Motion, p. 451.] 

Images in a Single Plane Mirror. — Verify this by standing 
a mirror (a glass letter-weight does very well) on a flat sheet 
of paper, and sticking a pin into the paper upright; then by 
making two other pins sUuid in the same straight line with the 
image of the first pin, the course of the reflected rays may be 
drawn on the paper and proved to be as in Fig. 22. 

If instead of a luminous point we now take a visible object 



of finite size, every point on its surface will behave exactly as 
the single luminous point in the preceding article. That is to 
say, light coming from any point of the object and reflected in 
the plane mirror will appear to come from a point so situated 
that the line joining it to the actual point is bisected at right 
angles by the plane of the mirror. 

Thus in Fig. 23 A^B^ will be the image of AB in the plane 
mirror XY. Notice that the image is reversed. This of course 
is familiar to any one who has looked at himself in the glass. His 
right hand appears to be his left, and vice versd, and if he parts 
his hair on the left side of his head his image will have its hair 
parted on the right. Writing or printing held in front of a 
mirror becomes reversed in the reflection. Write some words 
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on a sheet of paper and blot at once with clean blotting paper. 
The impression on the blotting paper may be illegible, bnt when 
held before the mirror be- 
comes legible in the re- 
flection. 

Reflection of Light in 
two or more Mirrors. — 

By making use of more 
than one plane mirror, it 
is possible to multiply 
images, the two laws of 
reflection being strictly 
followed in every wise. 

We will take two 





Fi^. 2,*}. — K«'versal of image. 


mirrors, making an angle of 60 ', as presenting a case of special 
interest. 

Let OA, OB (Fig. 24) be the two mirrors, each perpendicular 
to the plane of the paper. liCt P be a himinous point. With 

centre 0 and radius OP a circlq^ is 
described. The first image of P 
in the mirror OA is got as usual 
by drawing a perpendicular from 
P on OA and producing it to an 
equal distance on the other side. 
This will give us the point Pj 
which lies on the circle. Now 
light appearing to come from P^ 
may strike the second mirror and 
be again reflected, and so appear 
to come from tl^e point Pg, ob- 
tained by drawing a perpendicular 
from Pj on OB, and continuing it 
to an equal distance on the other side. A third reflection would 
give us an image P 3 . Now take a ray reflected first at the 
mirror OB. Its first reflection will make it appear to come 
from Qj, its second reflection will make it appear to come from 



Fig. 24.— Kalei(loscoi»e. 
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Q.,. If the angle between the mirrors is GO'", it is easy to satisfy 
ourselves that the third reflection will make it appear to come 
from Q 3 , this image coinciding with the third inuige previously 
obtained. This forms the principle of the kaleidoscope, which 
consists of a tube with two long thin mirrors fitted inside it and 
inclined at an angle of GO An eye looking through the tube 
at an object at the other end will see not only die object but five 
images of it arranged in a pattern. Now if the object be shifted 
the images will also shift, and an endless variety of symmetrical 
patterns can be obtained. 

In Fig. 24 we have drawn the course of two rays for three suc- 
cessive reflections. The eye is ])laccd so as to see the image 

while the eye E., sees the image (^.j. In each case the path 
should be traced backwards from the eye to P. If the mirrors 
are not at an angle of 60 and do not coincide. Tlie number 
of images is limited, because as soon as an image falls between 
the hach of the two mirrors, e.g, between X and Y, no further 
reflections can happen to the ray. It has to pass out into space. 

^ Reflection of Light always incomplete. — When we take two 
parallel mirrors, the number of possible reflections is infinite and 
the number of images of an object placed between them is also 
theoretically infinite. This must be familiar to those who have 
been in a room which has two large mirrors facing each other 
on opposite walls. The apparently endless suite of apartments 
that can be seen is very striking. But in practice the number 
of visible images is limited to twenty or so. The reason of this 
is that the whole of the light incident on a mirror is not re- 
flected. Some of it is always absorbed. The quantity of light 
absorbed varies with the substance and also with the angle of 
incidence of the light. The best reflectors are polished metals, 
more especially white metals as mercury and silver. Ordinary 
looking-glass is silvered or coated with mercury at the back, and 
the reflection takes place at the metal surface behind the glass, 
though a snuall quantity of light is reflected at the outer surface. 
Black bexlies absorb most light, white bodies least. It should 
also be noticed that the amount of light reflected increases with 
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the obliquity of the incident ray. For instance, a sheet of 
ordinary white paper will give an image of a candle flame if 
held so that the light may fall very oblicpiely on it. 

Irregular Reflection. — The laws of reflection arc of universal 
application, fuid all liodies that are not self-luminous are visible 
to us only by reflected light. But bodies which are not highly 
polished present such an infinity of small facets or reflecting sur^ 
faces to the light, that light travels to the eye from all parts of the 
surface (see p. 518). Snow is a striking example of the effect of 
a number of reflecting surfaces. A single crystal of snow is merely 
an ice-crystal, transparent Imt minute. In a (piantity of such 
crystals light is reflected at innumerable facets and very little of 
it is absorl)cd, owing to the transparency of the substance. We 
have in fact 78 per cent of the incident light reflected and 
scattered from newly-fallen snow ; this fact accounts for its 
whiteness. The whitest pajier reflects 70 per cent of the 
incident light. 

Deviation Produced by Rotation of Mirror. — Receive a .ray 
of bright sunlight on a piece of bright metal and observe the 
motions of tluj sj^iot of reflected light on a neighbouring wall 
(this ex])eriment is sometimes known as ‘ flashing ’). The angle 
travelled by the reflected ray is double of the angle through 
which the mii-ror is turned. 

The angle between the incident and 
reflected rays being double of the angle p 
between the incident ray and the normal, 
it follows that if the mirror be rotated 
through a certain angle, then the reflected 
ray must be rotated through an angle twice 
ftS lai-fre. This is shown in Fig. 25, FQ ^ig. 
being the incident ray, and the dotted lines giving the position 
of the mirror, the normal, and the reflected ray after rotation 
through a small angle, then * 

HQR'^2NQN'. 

The Sextant is used by seamen to ascertain the angular 
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distance between distant objects, and chiefly tlie angular dis- 
tance of heavenly l)odies from the horizon. To effect this the 
horizon is viewed directly through the telescope 0 (Fig. 26) in 

the direction OH, while 
the image of the object, 
e.g, a star, after reflection 
in the mirrors M and H, 
is made to coincide with 
it, that is the star appears 
to be in the same direc- 
tion OH as the horizon 
seen direct. The angle 
SOH is the angular dis- 
tance of the star from the 
horizon, wliich is* to be 
measured by the sextant. 

The ‘index bar' MP, 
carrying the ‘index glass' 
or mirror M is movable about M, and when the ‘ index ' P is at 
A the index glass is parallel to the ‘ horizon glass ' H ; then an 
object seen direct through the telescope 0 coincides with the 
image of the same object seen after reflection at M and H, and 
a ray of light HM falling on the mirror M is reflected parallel 
to OH. 

As the index bar is moved through the angle AMP, the 
angle SOH swept out by the reflected ray MS is twice the angle 
through which the mirror is turned {sf'e Fig. 25). Hence the 
angle SOH (between an object seen in the direction OH and one 
seen also in the direction OH, but after reflection at M and H) 
is twice the angle AMP. 

To simplify reading, each degree of the graduation on the 
arc AP is half of a degree of the angle AMP, hence the reading 
of the graduation at P is the correct value of the angle SOH. 
This is the angle at the eye subtended by the two objects, 
and in the case supposed is the altitude of the star. 



Fig. 20.— The sextant. 
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Refraction — Law of Sines — Refractive Index — Explanation in accordance 
with Theory — Refraction in Air — Astronomical Kefractioii — Critical 
Allude— Total Reflection — Mirage — Refraction .at Parallel Surfaces — 
Succession of Images in thick Looking-glass— Total Reflection Prism. 

Refraction breaking). — Fig. 27 shows a glass trough with 



Fig. 27.— Refraction. 


the side BC blackened or pasted over with paper. Sunlight 
coming ftom A throws a shadow of BO on the bottom of the 
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trough. The edge of this shadow is at E. Now fill the trough 
up with water and the edge of the shadow retreats to F. If 
the water be slightly tinged with milk, the course of the refracted 
light, which just grazes the edge of the trough, can be seen. It 
is a straight line, BF, but not in the same straight line with its 
former course AB. 

Put a coin at the bottom of a teacup. Place the eye so that 
the coin is just hidden by the side of the teacup. Now pour 

water into the teacup and 
the coin becomes visible. 
Ill Fig. 28 the point P is 
seen at P'. Therefore the 
light emerging from the 
water at Q is bent into the 
direction QE. 

Compare with this the 
Avell-known fact that a clean 
pool of water always appears 
shallower than it really is. 
The light from the pebbles 
at the bottom is refracted 
in just the same way as the light from the coin in the teacup. 
The apparent depth is | of the real depth. 

The same thing occurs when a straight stick or oar is partly 
in and partly out of the water. It appears to be bent at the 
surface of the water, each part of the stick below the surface 
appearing higher than it really is. Now the refracted portion 
of the stick appears straight, though not in the same straight 
line with the other portion ; for all parts of the stick under the 
water are refracted upwards through distances equal to a quarter 
of their depths below the surface. For objects seen very ob- 
liquely, the upward shifting is greater than a quarter. 

The glass trough in Fig. 27 can be used to prove that the 
course of light is the same if its direction be reversed. For a 
bright object placed at F when the trough is full of water is 
just visible to an eye placed in the lino BA. This sljpws that 
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the light passing from water into air is bent away from the 
normal to the surface. 

Laws of Refraction. — When light passes from one medium 
to another, its course is in general altered. A ray passing from 
air into water, for instance, is bent or refracted. The phenom- 
enon of refraction has two fixed laws like that of reflection. The 
first law is the same as the first law of reflection. 

(1) The incident ray, the normal to the surface at the point 
of incidence, and the refracted ray are all in the same plane. ^ 

(2) The sine of the angle of incidence bears to the sine of 
the angle of refraction a ratio which is constant for the same 
two media, and depends only on the nature of those media, and 
of the light (see page 542). This is called the law of sines. 

In Fig. 29, XY is a section of the surface bounding the two 
media. NQN' is the normal to the surfacc 
at the point of incidence of the light. 

The incident ray PQ is bent or refracted 
ill the direction QK, the lines PQ, Qlt, 

XN' being all in the same plane. Also 
if the angle PQN is called </>, and the 

angle EQX', <//, we have = a constant, 

which is independent of the angle and 
depends only on the nature of the two 
media. The law may be stated without 2P.-sneii s law. 

reference to trigonometry thus. Take ecpial lengths QA, QB 
along the incident and refracted rays. This has been done in 
our figure by describing a circle, centre Q. Draw perpendiculars 

AM, BM' on the normal. Then = this constant ratio. 

The laws of refraction were discovered by a Dutch professor, 
Snell, in 1621. There is an important point to be noticed as to 
the direction in which the ray is deflected. In passing from a 
rarer medium into a denser medium, the ray is always bent 
towards the normal to the surface, and vice versd. This can be 

expressed thus. The ratio is always greater than 1 in pass- 
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ing from a rarer to a denser medium, and less than 1 in passing 
from a denser to a rarer medium. If we take air as our first 
medium, then in passing from air into water or glass or crystal, 
the ratio is always greater than 1 and depends on the nature of 
the second substance. Thus from air into water the ratio is 
This mtio is called the refractive index of the water. The follow- 
ing table gives roughly the refractive indices of a few substances. 
It Vill subsequently be seen that the refractive index differs 
for* light of different colours. The numbers given in the table 
are for yellow light. 


Air into diamond . . .2*4 

,, flint-glass . . 1'65 

,, crown-glass . . . . 1*52 

,, alcohol . . . . . 1*37 

carbon disulphide .... 1*65 

,, sea water . • . . .1*34 

pure water . .1*33 


Since the course of the light is the same if its direction be 
reversed, it follows that the refractive index from water into air 
is I instead of and that in general, if represent the 
refractive index from a substance A into another substance 

B, we have u.r = — . 

Theory of Refraction. — ^Newton deduced the laws of refrac- 
tion from his corpuscular theory of light ]>y assuming that his 
luminiferous particles travelled faster in a denser medium. 
Then the refractive index would be in the inverse ratio of the 
two velocities. Assuming the refractive index from air into 
water to be -J, then Newton said, ‘the velocity *of light in air is 
to the velocity of light in water as 3 to 4.’ 

The wave theory reverses this. It also explains the 
phenomenon of refraction as depending on the different velocities 
in the two media ; but it requires that the velocity should be 
less in the denser medium ; the refractive index is then the 
direct ratio of the two velocities. This appears the more 
reasonable assumption, and if it were shown that the velocity 
of light in water is less than that in air, the corpuscular theory 



V 


REFRACTION 


631 


would be directly disproved. M. Foucault in 1850 by direct 
measurement showed beyond doubt that the velocity of light 
in water is less than in air, and this fact may bp regarded as 
confirming the wave theory. For the explanation of the law of 
refraction according to this theory, see Wave Motion, p. 442, 
remembering that the angle between the wave surface and the 
refracting surface is the same as that between the ray and the 
normal. Fig. 23 in WAVE Motion should be studied with 
reference to the appearances described at the beginning of 
this chapter. 

Refraction in Air. — Under ordinary conditions and for short 
distiuices light travels in straight lines in the air. We are now 
in a position to consider exceptions to this rule. On a sunny 
day, when the surface of the ground is hot and the air cold, as 
is often the case in spring, the air near the ground becomes 
visible, and appears to be in a state of vibration. ‘Shimmering^ 
is the word used to describe the appearance. This is due. to 
the air near the ground becoming heated and lising, and colder 
air taking its place, so that the density of the air at any point 
is continually changing, and with the density the I’efractivc 
index also changes. Hence light from a distant object coming 
through 1 ‘egions of diflering density has its course slightly 
changed every instant, and a vibration seems to be happening 
at those regions where the upward currents of hot air are 
strongest and most variable. The same appearance may be 
noticed above a gas-jet or chandelier, and when two liquids 
of different refractive index are mixed, ejj. whisky and water. 

The density of the air diminishes as its height above the 
earth increases, and the refractive index decreases with the 
density. The atmosphere extends to a height of 200 miles or 
more, becoming rarer and rarer, and beyond the atmosphere, we 
suppose that there is nothing but the ether, the medium that 
transmits light, — no pirticles of ordinary matter to diminish 
the velocity of light. We should expect that light coming to 
us from a heavenly body would be retarded on entering our 
atmosphere, and therefore when entering it obliquely would 
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be refracted. The more oblique the incidence of the light, the 
greater the refraction, hence the light from a star near the 
horizon will J:)e more refracted than if that star were higher in 
the heavens. This is a fact Avell known to astronomers, and in 
one form, the distortion of the sim^s disc at sunrise or sunset, 
familiar to everybody. 

In explaining Avhat happens, divide the' atmosphere into 
layers of gradually diminishing density. Remembering that 
the ray is always bent towards the normal to the surface on 
entering a denser medium, it will be evident that the course of 
light from a sUir S near the horizon H to an observer P on 
the earth’s surface will be in the line HakiP (Fig. 30), and there- 



fore will ap])ear to come in the direction 8'P. The figure of 
course is much exaggerated. The normal to the surface at any 
point is the radius from CJ, the earth’s centre, to that point. 

The refraction is only slight until the source of light be- 
comes very near to the horizon. Then the refraction increases 
rapidly and, in the case of the sun, the upper part of his disc 
is less refracted than the loAver, and his vertical diameter appears 
shortened ; this gives the sun an elliptical shape. 

It may be remarked also that the apparent position of the 
refracted object is ahvays higher than the real one. Owing to 
this the sun is frequently visible when he is actually below the 
horizon. 

Critical Angle. — In passing from a denser to a rarer medium. 



V 


REFRACTION 


.533 


the ray is refracted away from the normal to the surface ; e.g. 



light that strikes the surface in the direction PQ, not all 
emerges in the direction QR, some is internally reflected in the 
direction QS. ^Yhen the angle of incidence is further increased 
(Fig. 32), the refracted light is nearer 
to the surface and more light is re- 
flected, until a critical position is 
reached, which is indicated by the 
dotted line. Here QR coincides with 
the surface, and in that case RQN 

is 90”, sin RQN 1, and sin PQN' = ^ 

What happens in the case where th'‘ 
angle PQN' has a sine equal to or 

greater than - ? The ray, being un- 

able to emerge, is totally reflected at 
the inner surface of the denser medium. 

The angle PQN' at which this pheno- 
menon begins is called the critical 
angle. Light cannot pass from a 

denser medium into air when the angle of incidence is greater than 




534 


LIGHT 


OHAl\ 


the critical angle : and the critical angle is the angle whose sine is 
the reciprocal of the index of refraction into the denser medium. 
When the an^le of incidence is greater than the critical angle 
we have total reflection. The critical angle for diamond is 
23'' 41'; for flint-glass 38° 41' ; for water 48° 30'. Light can- 



Fig. 34.— -Total internal reflection. 


not pass out of a diamond at a greater incidence than 23° 41'. 
It must then be totally reflected internally ; and the large pro- 
portion of light which is totiilly reflected in the diamond is the 
cause of the great brilliancy of that gem. Objects below water 
become less visbilo as we look at them more obliquely. 

It is also possible to see that the light is totally reflected. 
Allow an empty test-tube to lie obliquely in a tumbler of water. 
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The sides of the tube below the water, viewed • from above, 
appear like brightly polished silver (Fig. 33). ' Fill the test- 
tube with water, and the silvery appearance vanishes. 

A rose is placed in a glass vase on a mantelpiece (Fig. 34), 
Looking up at it the eye sees a bright refiectiori of the stalk in 
the under surface of the water. A small triangular brick lying 
on the mantelpiece is seen reflected at the surface of the water 
as in a highly i)olished mirror. 

Mirage. — Mirage is a phenomenon frequently observed in 



the deserts of Egypt and Africa ; the traveller sees the reflection 
of distant objects, palm trees and so forth, in what appears to 
be a lake of water. This was first explained by Monge, who 
accompanied Napoleon Bonaparte to Egypt. The surface of the 
ground being exceedingly and uniformly hot, the air near it 
becomes highly heated, and decreases in density the nearer it 
is to the ground. Consequently rays of light incident obliquely 
are refracted away from the normal, that is upwards, until 
the angle of total reflection for some layer of air is reached. 
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They are then reflected and reach the eye in much the same 
way as if they had been reflected in the surface of a lake of 
water. The phenomenon can be seen on a small scale by looking 
along a red hot poker. Light incident at a gi'azing angle can 
bo seen to be reflected by the layers of thinner air near the 
poker. A similar phenomenon is occasionally seen over the sea 
in still hot weather. The image of a distant ship appears in 
the sky, sometimes inverted, sometimes upright. An American 
newspaper lately recorded the appearance to the citizens of 
Buffalo of a sky-picture of the city of Toronto, with its quay and 
steamers, 60 miles away across Lake Ontario. In all such cases. 



the air must be still and in even layers. The toUd reflection 
takes place in one of the light uppermost layers, and the image 
is inverted if the rays from different parts of the object cross on 
the way (Fig. 35). 

Reft’action at Parallel Surfaces. — In front of tAvo parallel 
wires or strings hold a piece of thick plate-glass obliquely, as in 
Fig, 36. The wires seen through the glass appear at the same 
distance from each other as before, but not in the same straight 
line with the outside portions of the wires. The fact that the 
apparent distance between the wires and their apparent thick- 
nesses are unaltered by the glass tells us that the ligh^ after 
passing through the glass emerges parallel to its original 
direction (Fig. 37). 
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Geometrical Explanation. — When a ray of light Py falls on 
a plate of glass with two parallel surfaces, it is refracted in the 
direction QQ', and since the angle NQQ' 
is equal to the angle N'Q'Q it will emerge 

in a direction Q'K parallel to its original ^ p 

direction. Hence objects viewed through 9 

a plate of glass whose faces are parallel 
have their relative positions unaltered. 

* Images in thick Looking-glass. — 

Light incident on glass is always partly 3 s. 

reflected. This will c.xphiin why objects K‘'‘-tion thro„g,. pute-^iass 

viewed in looking-glass made of thick plate-glass appear to haA e 


a number of images. 


The first image of the gas flame (Fig. 39) is a faint one, 
due to reflection at the outer surface of the glass. The 

second is bright, due to 
reflection at the silvered 



back of the glass. After 
this reflection the light, in- 
stead of all emerging, is 
partly reflected again at the 
front surface, and once more 
reflected at the back. In 
fact it may only finally 
t?merge after one*, three, five, 
seven or any odd number 
(>f reflections, of course 
diminishing in intensity 
each time. Thus we get a 
number of images behind 
one another becoming fainter 
and fainter. 

In Fig. 40 light coming 


from P may be reflected at the outer surface and appear to come 


from (faint), or it may enter the glass by refraction, be re- 


flected at the back of the mirror and emerge parallel to the 


538 


LIGHT 


CHAP. V 


first reflected ray, forming an image at (bright), or it may, 
instead of emerging, be reflected twice more and form an image 



Fig. 40.— Reflection in tliick glass. 


Pg (fainter), and so on. 

Total Reflection Prism. — 

The critical angle for crown- 
glass is less than 45'\ Let 
ABC (Fig. 41) be a section 
of a prism of crown-glass 
made so that ABC = and 
the other two angles arc each 


of them 45"". Light falling perpendicularly on the face BC 


will be totally reflected at the inner surface AC and will emerge 



Fig. 41. Fig. 412. 

Tola] rortectioii prisms. 


perpendicular to the face AB. Fig. 4*J shows a section of a 
total reflection prism of another kind, not requiring so small a 
critical angle. The angle ADC = L^S*^. 

Such prisms are much used in lighthouses. 



CHAPTEE YI 

Refraotton through a l^RisM — D ispersion 

Definitions — Minimum Deviation — Dispersion — Spectrum — Newton’s Experi- 
ment — 'White Light a Combination of all Colours — Dispersive Power 
varies in (lifferent Substances. 

Refraction through a Prism. — A prism is defined to be a 
solid contained by a num])er of planes, each of them perpendic- 
ular to the same plane, or, which comes to the same thing, 
parallel to the same straight line, and by two more surfaces 
which form the ends of the prism. Optically a prism may ])e 
considered as a refracting medium partly 
enclosed between two planes making any 
angle with one another. The angle be- 
tween the planes is called the angle of 
the prism. Fig. 43 gives a section of 
such a prism. The edge of the prism, i.r. 
the line of intersection of the two planes, a pria,.,. 

is supposed to be perpendicular to the 

paper, and therefore the angle, BAC may be taken as the angle 
of the prism. The light is supposed to be incident in the plane 
of the paper. 

An incident ray PQ is refracted in the direction QQ', and on 
reaching the second surface is again refracted in the direction 

Q'R. 

Minimum Deviation. — In Fig. 44 is shown a prism standing 
with its edge vertical. Light" from a vertical slit with a short 
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<focus lens in front of it falls on the prism and is refracted on to* 
the screen. By turning the prism round, the image of the slit 
on the screcyi will bo shifted. A certain position can cfisily be 
found in which the image of the slit is less bent towaixis the left 
than in any other position. When this is found, and the prism 
rotated in elilier direction, the image moves off to the left. This 
position is called the position of minimum deviation. Start with 
the prism turned away from the position of minimum deviation 
and turn it slowly towards that position. The image of the slit 



Pig. 44,— Deviation produced l>y prism. 


moves to the right, becomes stationary, and then as you go on 
turning moves off to the left again. It becomes stationary at 
the position of minimum deviation in the same way as a stone 
thrown up in the air is momentarily at rest when it reaches its 
highest point. A slight turn in the prism at this position pro- 
duces no noticeable increase of deviation, so a small pencil bf 
rays incident in this position undergoes the same deviation 
throughout and is not narrowed or widened. The^ apparent 
distance of the source of light from the prism is therefore the 
«ame as the real distance. It shdhld be noted also that in the 
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position of minimum deviation the angles of incidence andi 
emergence PQN, N'Q'R (Fig. 43, repeated below) are equal. 

The total deviation of the ray is the angle between its first 
and its last directions. At Q (Fig. 43) its deviation is PQN - 
OQQ'. At Q' its deviation is KQ'N' - OQ'Q ; hence its total 
deviation is PQN + KQ'N' - (OQQ' + OQ'Q). But OQQ' + OQ'Q 
= BAC = i, the angle of the prism. Calling PQN, the angle 
of incidence, c/) ; and IIQ'N', the angle of emergence, we have 
for the total deviation </> ■¥ ~ i. It is found, by the experiment 

just described and by theory, that this deviation varies with 
the angle of incidence </>, and is least when the light falls so as 
to make the angle of emergence ^ equal to f/>. This position 
is called the position of minimum deviation. 


Tli(* ininiinuni dt^'iatioii of a jjrisiii is 20-/, where <p is given l)y the 
equation <p~fx sin ^ (sin l‘q)N =/j. sin OQt/}. 



This fomula is very useful in finding the refraetive index of a substance. 
A prism is made from the substance, its angle and the ininiumm deviation 
of a ray passing through it can be measured with considerable accuracy. 
The formula quoted above will then give us /a, the refractive index. 

Dispersion. — In making the experiment shown in Fig. 44 it 
will be noticed that the image of the slit is edged with colour, 
red on one side and bluish-green on the other. If sunlight be 
used and admitted through a narrow slit into a dark room, and a 
bottle prism filled with carbon disulphide be used instead of a 
glass prism (though a glass prism does well enough), the appear- 
ance will be far more beautiful and striking. This experiment is 
perhaps the most beautiful in the whole range of science, and 
well repays the slight trouble necessary for performing it; a 
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<«nirror, placed outside a window so as to reflect the direct rays 
of the sun into the room, and the prism are all the apparatus 
required. Fig. 45 gives some idea of the way of obtaining this 
spectrum, a coloured picture of which is opposite p. 598. 
If a lamp be used, as in Fig. 44, a lens of short focus must be 
placed in front of the slit so as to give a parallel beam of light. 
With sunlight the lens is not needed, except where a pure 
spectrum is required. See Spectroscope, Chapter XII. 

Newton’s Experiment. — The great experiment, showing that 
white light consists of light of many different colours, was made 
by Newton in 1666.^ He admitted sunlight into a dark room 



Fig. 45.— The spoctniiD. 


by a small round hole S in a shutter, and caused the light thus 
admitted to fall on a prism. Instead of getting, as he expected, 
a white image of the sun thrown on the white screen which 
he placed to receive the refracted light, he found an elongated 
image indistinct at the ends, and of different colours, ranging 
from the least refracted, red, to the most refracted, violet ; 
and with yellow, green, blue in between (Fig. 46). Then by 
putting a second prism of the same kind in the path of the 
coloured lights and with its edge at right angles to the edge of 
the first prism, he foimd that the coloured light was not split up 

^ For an account of Newton’s experiments in his own words, see Preston's 
Tit^ory of Liyht or Newton’s own Opticks. . 
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any further, but that as before the violet rays were more r^ 
fracted than the red, so that the spectrum, as Newton called the 
coloured band of light, was refracted into the oblique position 



Fig. 40. — Dispersion of white light. 


V'R' instead of Vll (see Fig. 47). This separation of white 
light into different colours is called dispersion. 

Dispersion Corrected. — Newton concluded from this that 
sunlight consists of a mixture of lights of all colours, and that 
white is the combined effect of them all. He confirmed this con- 



Fig. 47. — Dlsperaion of white light. 


elusion by putting another similar but reversed prism in the path 
of the dispersed colours and so recompounding them and restor- 
ing white light. But he found that the white light so restored 
was also restored to its original direction. He concluded there- 
fore that this dispersion of the colours could not be got rid of 

2 N 



544 


LIGHT 


CHAP. VJ 


without getting rid of the refraction as well. In this ho was 
mistaken. Different su])stances differ widely in their power of 
dispersion. For instance, carbon disulphide disperses the colours 
more widely than glass, although its refractive index for yellow 
light is the same. Hence a narrow prism of carbon disulphide 
corrects the dispersion of a wider prism of glass without getting 



Fig. 48.— DisiMirsion corrected. 


rid of the refraction altogether. The subject is further discussed 
on p. 601. 

The dispersive power of water is smaller. Fig. 48 shows 
a narrow glass prism A correcting the dispersion of a water 
prism B while leaving enough refraction to shift the image of 
the slit from S to S\ 


CHAPTER VII 

Reflection and Refracjtion at Spherical Surfaces — 
The Rainbow 

Definitions — Images in Concave and Convex Mirrors — Magnification — Refrac- 
tion at Splierical Surface — Rainbow — Primary and Secondary Bows. 


Reflection at Spherical Surfaces. — The normal, Le. the per- 
pendicular to the tangent plane, at any point on the surface of 
a sphere passes through the centre of the sphere. A spherical 
mirror is a mii*ror whose reflecting surface is a portion of the 
surface of a sphere. If the inner surface is used for reflecting, the 
miri'or is called concave ; if the outer surface is used the mirror 
is called convex. In general only 
a small portion of the surface of /Jjfi 
the sphere is used, and its boundary / 4|||| 
is usually circular (Fig. 49). I'rilill 

The centre of rnrmture of the 
minoi\ or centre of the mirror, is 

the centre of the sphere of which pi,,. 41,. _Co„cve ana convox surface., 
the mirror is a part. 

The middle point of the reflecting surface is sometimes called 
the pole of the mirror. 

The straight line joining the centre of curvature to the pole 
is called the principal axis of the mirrm\ 

Principal Focus. — When a small parallel pencil of rays is 
incident on a concave spherical mirror directly, that is parallel to 
the axis, the rays all converge to a point on the axis called the 
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prineipal focus. Let C be the centre of a concave spherical 
mirror, and A its pole (Fig. 50). Let a ray PQ parallel to the 
axis CA fall, on the mirror at the point Q. Join CQ. The 
angle of reflection being equal to the angle of incidence, the 
reflected ray will be QF, the angle CQF being equal to the angle 
CQP. But since PQ is parallel to CA, angle PQC = QCF. 

FQC = QCF. FQ = FC. 

But since Q is A ery close to A, FQ = FA nearly. 

FA=FC. 

So the principal focus F is half-way between the centre and the 
pole. When the mirror is convex, the same thing is true ; only 



Fig. 50. — Principal focus, real. Fig. 51. —Principal focus, virtual. 


in this case the reflected rays do not actually pass through the 
point F, which is therefore a virtual focus (Fig. 51). 

The rays which fall on the outlying portions of the mirror 
do not when reflected pass accurately through 
the point F, only near to it. In fact all the 
reflected rays are tangents to a certain sur- 
face, called the caustic surface, of which a 
section, which we may call a caustic curve, 
is given in Fig. 52. 

A candle-flame, reflected 'at the inside 
of a bright silver napkin-ring, throws on a 
white table-cloth an image in the shape of 
the curve shown in Fig. 52. 

It will be noticed that except for the outside rays the devia- 
tion from the point F is slight^ and for rays near the axis CA 
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80 slight as not to he noticeable. This deviation from the exact 
focus is called spherical aberration. If the section* of the sur- 
face be a parabola instead of an arc of a circle, all the rays of a 
pencil parallel to the principal axis are reflected accurately 
through a single focus. 

Construction for finding the Image of an Object in a 
Spherical Mirror. — As before, let C be the centre, A the pole of 
the mirror, and let PQ be two points on the object whose image 



k 





c 


Fiff. 54. 



is to be found, Q being on the axis of the mirror (Figs. 53, 54, 55). 
To find the image of the point P, it will be sufficient to find the 
point of intersection of two rays from P after reflection at the 
mirror. Draw PA and make the angle ^AC equal to PAG. Then 
draw PR parallel to the axis. By the previous article, the re- 
flected ray must pass through the principal focUs F. Join RF 
and produce it till it meets Ap in p. Then p will be the image 
of P, and pq the image of PQ. In Fig. 53 the image is real 
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and inverted. In Fig. 54, where the object is situated between 
the principal focus and the mirror, the imago is virtual and 
upright. In Fig. 55, where the mirror is convex, the image 
is virtml and upright. 

Notice also that the image p can be found without any measure- 
ment of angles. For a ray incident through the centre C is 
reflected back along its own path. Hence the line joining P to 
C must pass in every case through p. This is the simplest 
method of finding the image. 

Magnification. — The magnification is the ratio of the linear 
dimensions of the image to those of the object. In the foregoing 


cases the magnification is . But since the angles pK(p PAQ 
are equal — 


pq 

PQ 


-A? 
'm ’ 


therefore the magnification is the ratio of the distance of the imago 
from the mirror to the distance of the object frojn the mirror. 



Coi\jugate Foci. — With a spherical mirror it is immaterial 
which of the radii from the centre is taken as the axis. In 
Fig. 53, by taking as axis some radius near to AC, it may be 
shown that q is the image of Q. Two such points, each situated 
on the same axis, the rays from one of which are brought to a 
focus at the other, are called conjugate foci 

Formula oonuecting the distances of two Conjugate Foci from the 
Mirror — Focal Length. — Let Q and q be two conjugate foci (Fig. 56). Then 
R being a i)oint on the mirror, angle CRQ=C%, by the law of reflection. 
Then (Euc. VI. 3)— 

Cy _ Ry Ay 
. CQ'RQ^AQ’ 

if R is near A. Then Ay, AC, AQ form a harmonica! series. 
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If u represent AQ tlie distaiKie of the object, the distance of the image 
kqy and r the radius of the sphere, tliis gives us — 

1 1 -? 

u v~ r 

Also~ = AF the distance of the principal focus from the mirror, the focal 
le'ivgth of tlie mirror. Hence 

1 1 1 

u V J 

Refraction at a Spherical Surface. — A ray PQ incident on 
a spherical refracting surface whose centre is C (Fig. 57) will be 



refracted in a direction QR given by the relation = /a the 

refractive index of the medium. When we have a small pencil 


N 



of rays parallel to the axis CA of the surface, they will be re- 
fracted to a focus F (Fig. 58). 


Let AC = r and AF "/. As before — 

sinPQN sinACQ sin FCQ FQ AF . 

'‘=inTO=s-iiOT=sircyF=cF=-^^^ 


The Rainbow. — Refraction at a single spherical surface is 
chiefly of interest in the case of the rainbow. From very early 
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times this phenomenon has been kpown to be due to the refrac. 
tion and reflection of the sun’s light falling on drops of water. 
The observer of a rainbow always has his back to the sun, so 
that a straight line from the sun to his head would if produced 
pass through the centre of the rainbow. A rainbow may be 
often seen in the spray from a waterfall or from the paddles of 
a steamer. The geometrical explanation of the phenomenon is 
to De Dominis, Descartes, and Newton, -the last-named 
^^^iving the reason of the colours. 

Rays of light from the sun may be considered as parallel, 
because the sun is so far away. Let SP (Fig. 59) be a ray 



f^g. 59.--Refraction and reflection in rain-drop. 


from the sun entering a spherical rain-drop at P. It will be 
refracted, and, on again reaching the surface of the drop, some 
of the light will be reflected and pass out again at R. 

The incident and emergent rays are produced in Fig. 59 t<^ 
meet at T. The change in the direction of the light is given 
by the obtuse angle D, which is called the deviation. This is 
least when the acute angle STE is greatest, that is, STE is 
greatest in the position of ‘minimum deviation.’ In Fig. 60 
are shown a number of parallel rays falling on different points 
on the surface of a spherical rain-drop with their paths after 
one internal reflection. The ray SPQRE is in the position of 
minimum deviation. The rays near it on each side of it, those 
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and RE is aliout 42'’. An. observer facing a rain-cloud with the 
sun shining on it from behind him will receive a noticeable 
quantity of light from all drops in the cloud so situated that the 
line joining them to his eye makes an angle of about 42° with 
the line joining them to the sun. These drops all appear to lie 
on a circle whose centre is a point exactly opposite the sun, 
and the angular radius of the circle is evidently 42°. This 
is the value of the angle STE (Fig. 59) for red light. For 
violet light it is about 40°, and for other colours it has values 
intermediate between these, so we see in the rainbow a set of con- 
centric circles of all the colours of the spectrum, red being outside, 
then orange, yellow, green, blue, indigo, and violet. The angular 
radius of the rainbow as obtained by calculation from the laws 
of refraction and reflection agrees exactly with observation. 

Secondary Bow. — Often another and fainter rainbow is 
visible outside the chief or primary bow. This second bow is 



due to the sunlight undergoing two internal reflections in the 
rain drops, as shown in Fig. 61. The secondary bow, as it is 
called, has the colours reversed, and less brilliant. Sometimes a 
third bow is seen when the sun is very bright, just outside the 
secondary bow ; this is a quintary bow, caused by five internal re- 
flections. The first nineteen bows have been seen in a laboratory. 

Fig. 62 gives some idea of the position of the bows. The 
shadow of the observer’s head forms the centre of a rainbow ; 
or, more exactly, a line through the observer’s eye parallel to 
the direction of the sun’s rays forms the axis of the bow. 
This line is inclined to the horizontal at an angle equal to the 




Fig. 02. — Position of rainbows, primary and secondary. 


bow lie on a cone whose generatrix forms an angle of 4 O'" with 
the axis of the bows, as shown. The angular radius of the red 
in the secondary bow is a1)Out 50"", and of the violet 53°. 

The natural phenomenon of the rainbow is much more complex 
than the simple arc of prismatic colours which this brief description 
provides for. ‘ Spurious bows,^ the colours seen on the inside edge 
of the primary bow and other variations, have formed the sub- 
ject of a recent investigation by Mr. J. M. Pern ter (see Nature^ 
January 27, 1898). They are due to interference phenomena 
“ dependent upon the ratio of the radius of the drops to the wave 
length of light. The greater the drops, the more the spurious 
bows ; a partly white bow is produced by drops of 0*06 mm., 
and when the drops are still smaller, a real white bow, with 
orange-yellow and blue margins, is the result.” 


CHAPTER VIII 
Lenses 

Definitions — Images formed by Convex and Concave Lenses — Focal Length — 
Method of finding Focal Length — Lighthouse Lenses — Spherical Aberra- 
tion — Chromatic Aberration — Achromatic Lenses and Prisms. 


Lenses. — A lens is a piece of glass or other refracting medium 
bounded by two surfaces, which arc usually portions of spheres. 
A representation of the different types of lenses is given in 



Fig, 68.~Diirerent forms of lenses. 


Fig. 63. A, B, C are converging or convex lenses, and D, E, F 
are diverging or concave lenses. 

A is a double convex lens. 

B ,, plano-convex ,, 

C ,, concavo-convex „ or a convex meniscus. 

D ,, double-concave „ 

£ ,, plano-concave „ 

F ,, convoxo-concave „ or a concave meniscus. 

In lenses which have one plane surface, this may be* looked 
on as the surface of a sphere whose radius is infinite. 
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The axis of a lens is a straight line joining the centres of 
the two surfaces, or in the case of the piano-lenses, the line 
through the centre of the spherical surface perpendicular to the 
plane. 

Principal Focus. — A pencil of parallel rays falling on a 
convex lens and parallel to its axis will converge after i)assing 



through the lens, and the rays will all very nearly pass through 
a certain point on the axis. If the lens is concave the pencil 
will be made to diverge, but will appear to diverge from a point 
on the axis (Fig. 64). In either case this point F is called the 
priricipalfocm of the lens. 



Fig. GO. —Optical centre of lens. 


The distance between the focus and the lens is called the 
focal length of the lens. 

Optical Centre of a Lens. — Let 0 and O' be the centres of 
the two surfaces of a lens (Fig. 65). Draw two parallel tangent 
planes at Q and Q'. A ray which passes in the lens along the 
path QQ' must emerge parallel to its original direction, for it has 
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been refracted at two parallel surfaces (p. 536). By similar 
triangles 

PC _ OQ _R 
0'C“0'Q'“R'’ 

the ratio of the two radii. Hence C is a fixed point, no matter; 
what the positions of the points Q and Q'. So wc find for every 
lens a fixed point C on its axis, all rays passing through which 
emerge parallel to their original directions. This point is called 
the optical centre, or shortly, the centre of the lens. 

Thickness of a Lens. — Often the thickness of a lens is very 
small compared with its focal length. In most of the diagrams 
which follow, the lens is regarded as lying in a vertical plane 
through C (Fig. 66), and the curved lines are put in merely to 
indicate the shape of the lens. 

Conjugate Foci. — A pencil of rays from any point near the 


Fig. (U). —Convex lens — real image. 

axis of a lens, after passing through the lens, converges to or ap- 
pears to diverge from another point also near the axis. Such two 
points are called conjugate foci^ and the rays of a pencil from either 
point will after refraction pass or appear to pass through the other. 
Images formed by Convex Lenses. — In finding the image 
of a point P formed by a lens (see 
Figs. 66, 67) two rays should first 
be drawn. The ray through the 
optical centre C has its direction 
unchanged, and the ray PR parallel 
to the axis is refracted so as to 
pass through the principal focus F. 
The intersection of these rays gives the image of P, and the other 
rays can then easily be drawn. Fig. 66 shows a real inverted 
image formed by a convex lens. Fig. 67 shows a virtual upright 



Fig. 67.— Convex lens— virtual image. 
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image formed by a convex lens — virtual because the refracted 
rays do not actually pass through the point 7 ?, but only appear 
to diverge from it, the dotted lines not being parts of the rays, 
but only the rays produced backwards. The image of Q falls 
at f/, on the axis, and in the same vortical plane as This 
should be verified by experiment. 

Imagre formed by a Concave Lens. — Using the same con- 
struction, it will be seen that rays from PQ, will after refraction 
appear to come from a virtual upright pq (Fig. 68 ). 

Magnifying Power of a Lens. — Tlic magnifying power is 
the ratio of the linear dimensions of the image to those of the 
object. Thus in Fig. 67 the magnifying power is — 

?"/ — C? _i> 

V and being the distances of the image and object respectively 
from the lens. 



Fig. C)8.— Concave lens— virtual image. 


Formula connecting Conjugate Foci. — X.Jl — Distances 
are measured from the lens ; those measured on the side from 
which the light comes are taken as positive, on the opposite 
side negative. With a convex lens, parallel rays are l)rought 
to a focus on the opposite side of the lens. Hence the focal 
length of a convex lens is always negjitive. If the image formed 
by the lens is a real one, and therefore on the opposite side of the 
lens to the source of light, its distance from the lens must be 
taken as negative. 


Let w, 7;, / represent the distances of the object and its iniuge and the 
focal length of the lens respectively. 

T. H = . also 

In Fig. 68 PQ gQ » also 

„ Co Yq . V f-v 1 1 1 

This formula, with due regard to sign, will be found to agree with Figs. 
66 and 67. 
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To And the Focal Length of a Lens. — For this purpose an 
optical bench is used! This is a straight bar, graduated in 
inches or centimetres, on which stands can be made to slide, 
supporting "che lens, the source of light (a candle or a strongly- 
illuminated needle point), and the screen on which the image of 
the source of light is to be received. Fig. 69 gives a repre- 
sentation of this arrangement. The lens is shifted about, and 
for each position of the lens the screen is shifted until a sharp 
inverted image of the candle flame is formed on it. The dis- 
tances of the candle and the screen from the lens are then 
measured. Suppose them to be 10 and 20 inches respectively. 
Using the formula — - ^ , 


V V /* 



and remembering that v is negative, we have — 

20 10 /* 

20 

. • . /= - -^ = - inches. 

A large number of such measurements are made. They will be 
found to agree closely, and the value of /, the focal length, is 
calculated from the average of all the observations. The greater 
the convexity or the concavity of a lens, the less will be its focal 
length. When the two surfaces of* the lens are parallel, the con- 
vexity is of course zero, and the focal length is infinite ; a parallel 
pencil emerges parallel. 

Lighthouse Lenses. — A lighthouse should throw a strong 
parallel beam of light over the sea ; the ra^s should be parallel 
irf order that a distant point may receive as many rays as possible. 
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For this purpose the source of light is placed in the focus of a 
convex lens, and the rays after passing through the lens emerge 
parallel to one another. A large lens is required to catch as 
much of the light as possible ; but as a large lens must be thick, 
a certain quantity of the light will be absorbed by it. To avoid 
this, Fresnel invented (^jchelon or lighthouse lenses, of which a 
section is shown in Fig. 70. In the centre is an ordinary 
plano-convex lens, which is surrounded by a set of plano-convex 



Fig. 70. — Scutioii. Fig. 71.— -Front view. Fig. 72.— Plan*. 


Lighthouse lenses. 

rings, all of the same focal length. Fig. 71 gives a front view 
of the arrangement. It will bo noticed that the rings are not 
complete, there is only an arc of each ring above and below the 
central lens. This is because such a system of lenses throws a 
parallel beam' in one direction only, and it is necessary to 
illuminate several points of the horizon. So a number of faces 
like that in Fig. 71 are arranged symmetrically round the light. 
Fig. 72 shows the arrangement of the dioptric apparatus at the 
South Foreland. Sixteen such faces are arranged round ISie 

2 0 
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lamp and the intensity of tlie ))cam of light is about six million 
candles. If the lenses were fixed, only sixteen points of the 
horizon would be illuminated ; but the system of lenses revolves 
round the lamp once in eight minutes, giving one flash every 
half-minute. This apparatus was formerly at 8t. Catherine’s 
Lighthouse, Isle of Wight ; a new one has taken its place there 
having four panels only, giving one flash every five seconds, and it 
is (1906) probably the most powerful electric beam in the world. 
The intervals of the flashes at different lighthouses enable the 
mariner to distinguish between them, and to know his j)osition. 

Spherical Aberration. — As in the case of reflection at 
spherical mirrors, so in lenses we have a certain amount of 
spherical aberration due to the rays which fall near the edgen 
of the lens not l)eing accurately brought to the same focus as 



those which pass near the centre. This is shown in an ex- 
aggerated form in Fig. 73. The rays falling near the edge 
of the lens are brought to a focus at and those near the 
centre at F^,. A defect of this kind makes the images formed 
by the lens blurred and indistinct. It may be removed by 
altering the curvature of the faces, or by using systems of lenses 
in which each lens helps to counteract the defects of the others. 
Or the outer rays may be shut off by using diaphragms or stops, 
which are opaque screens with holes cut in them. Sometimes it 
is the outer rays that are wanted and circular stops are used to 
cut off the rays near the centre. A system of lenses in which 
spherical aberration is done away with is called an aplanatic 
system (d not, irkavaity ;plamOy I wander). 

* Chromatic Aberration, — The focal length of a lens depends 
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on the refractive index of the substance used for the lens. Given 
two lenses of the same size and shape but of different material, 
the lens of higher refracting power will have the shorter focus. 
Now the refractive index varies slightly with the cblour of the 
light Hence the same lens will have different focal lengths for 
light of different colours. The violet rays are more refracted 
than the red. In Fig. 74 is shown a parallel pencil falling on a 
lens. The violet rays are brought to a focus at V and the red 
rays at E, and the blue, green, and yellow rays at points between 
y and li. A screen at the point A will show a circular patch of 
light edged with red, while a screen at B will show a patch of 
light edged with blue or violet. This defect, possessed by all 
simple (i.e. single) lenses, is known as chromatic aberration. New- 
ton, as we have said, supposed the dispersion of colours to be 
proportional to the refraction, and consequently held that no 


/ 







Bcr 


Fi}X. 74. ■ -Cn»romatic aberration. 


ari’aiigcment could be made for getting rid of the coloured 
edging without also getting rid of the refraction. This led 
him to invent his reflecting telescope ; for light of every colour 
is reflected in the same way, and there is no chromatic abeiration 
among rays concentrated by a reflector. After his death his views 
were proved incorrect, and achromatic lenses were invented. 

Achromatism. — Absence of colour (d not, chronMij 

colour). On p. 544 a description is given of an experiment show- 
ing that dispersion can be corrected without getting rid of refrac- 
tion altogether. Newton himself made a similar experiment with 
a glass prism immersed in a water prism with their refracting 
angles opposite ; but he found achromatism only when there was 
no alteration in the course of the ray. Newton frequently used 
lead in his water prisms, and this increases the dispersive power 
of water. This is the most probable explanation of his mistake 
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(see Professor Lewis Wright^s Light), In 1757, Dollond, a 
London optician, repeated Newton’s experiment and obtained 
an opposite result. This led him at once to the discovery of 
a combination of lenses which got rid of chromatic aberration. 
His arrangement is shown in Fig. 75. A is a double convex 
lens of crown-glass, and B a double concave lens 
of flint-glass. Flint-glass separates the colours 
^ I more widely than crown-glass ; in other words, 
flint-glass has a higher dispersive power than 
crown-glass, so that a weak flint-glass lens 

f B separates the colours as widely as a much stronger 

f crown-glass lens. The concave flint-glass lens 

Achromat^ lens, makes the light diverge, separating the colours 
at the same time. The convtjx crown-glass lens 
makes the light converge, separating the colours in the opposite 
way ; and if it is to correct the dispersion of the flint-glass 
lens it must be much stronger in its refracting power, that 
is to say, it must make the light converge more than the flint- 
glass lens makes it diverge, and the net result will be light, con- 
vergent as if from a single convex lens of strength equal to the 
difference of the two lenses, but devoid of colour. Such a lens 
or system of lenses is called achromatic. The lenses of good 
telescopes and opera-glasses are made achromatic in this way. 
An achromatic prism can be made by combining two prisms 
of crown- and flint-glass re- M&IKk 

spectively. A thin prism of 
flint-glass B (Fig, 76) is suffi- 
cient to counteract all the 
dispersion of the crown-glass 
prism A ; while the refrac- 

. _ , - 111 Fig. 7 G. — Achromatic priHiit. 

tion, though lessened by the 

prism B, is not done away with altogether. The red and violet 
rays emerge in the same direction. It does not follow that the 
intermediate colours, yellow, green, etc., emerge'^ in the same 
direction. In fact a double lens or prism of the above kinds can 
be made absolutely achromatic for two colours only. 


Fig. 7 G. — Achromatic i>riHm. 
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Thk Eye 

Description of the Eye — Why we have Two Eyes — Stereoscope — Duration 
of Impressions — Defects of Vision — Least Distance of Distinct Vision, 


The Eye. — Before considering the construction of the various 
instruments which are used as aids to sight, it is necessai'y to 
form some idea of the mechanism of the instrument they are 
intended to help. The eye acts very similarly to a photographic 
camera. A lens just behind the pupil of the eye (which’^ is a 
hole admitting light) forms an inverted image of the objects, 
from which the light comes, on a plate or screen at the back of 
the eye, called the retina. From the retina the optic nerve 
conveys the impression of sight to the brain. 

The eye is very nearly a sphere (Fig. 77). Its outer coating, 
the sclerotic, which is the white of 
the eye and its continuation, is horny 
and opaque ; but it has a circular 
transparent portion cc (called the 
cornea) which is more curved than 
the rest of the eye. Through this 
transparent portion can bo seen the 
coloured part of the eye, the iris, 
which is the visible part of a second 
coat extending all round the eye 
inside the sclerotic, which is called the choroid. The iris, ii 
in the figure, has a circular hole in it, p, called the pupiL The 



Fig. 77. -The human eye. 
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iris contracts and expands automatically, so as to admit less 
or more light through this hole, the pupil, into the interior 
of the eye. In the dark the pupil expands, and in strong 
light contracts to a very marked extent. With cats the pupil 
is not circular hut elongated. Just behind the pu])il is a 
transparent lens L called the crystalline lens, whose curvature, 
especially that of the front surface, can be increased by relax- 
ing the tension of the ligament which connects it to the choroid. 
The space between the lens and the cornea is filled with a 
transparent fluid A called the aqueous humour, and behind the 
lens is another transparent fluid, the vitreous humour, V. The 
refractive indices of these humours are very nearly the same as 
that of water, while the crystalline lens has a slightly higher 
index. The back part of the choroid is covered with a black 



substance, the pigmentum nigrum, and over this is a semi- 
transparent network of nerve fibres rr, an extension of the optic 
nerve o, which is connected with the brain. This film of fibres is 
called the retina, and on it the images of things seen are formed. 
In the centre of the retina, slightly inside the entrance of the 
optic nerve, is the macula lutea or yellow spot, on which is 
formed the part of the image most distinctly seen. Just where 
the optic nerve enters is a small depression b, which is insensible 
to light, having none of the microscopic rods and cones which 
cover the rest of the retina. This depression b is known as the 
blind spot. Fig. 78 shows a pencil of rays from a single 
luminous point A passing through the pupil (which limits the 
size of the pencil), and brought to a focus on the retina at a. 
Here C is the centre of the crystalline lens. If the eye were 
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looking intently at A, ft would be formed on the yellow spot. 
Fig. 79 shows the formation of the image of an object AB 
on the retina. Only the central ray, or axis, of each pencil 



has ]>een drawn in this case. Notice that the image is inverted. 
Fig. 80 shows the two eyes looking at the same object. The 
angle between the two axes BAG is called the optic angle, and 



decreases as the object gets farther away. Fig.* 80 also shows 
the relative positions of the yellow spot Y and the blind spot 6. 

The existence of the blind spot can be proved by the help of 
Fig. 81. Hold the book with the little cross exactly opposite 

^ • 

Fig. 81, — To prove the existence of tlie blind spot. 

the right eye, and close the loft eye. I'hen look steadily at the 
cross, moving it inwards from a distance of about a foot. When 
the right distance has been obtained, the black dot becomes in- 
visible. Its image falls on the blind spot in the retina. 
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Why we have Two Eyes. — The two eyes look at the 
same object from slightly different points of view, and so 
enable us to judge of the distance of objects, and to receive the 
impression df the solidity of objects. The difficulty of judging 
distance with one eye only will be manifest to any one who tries 
to thread a needle with one eye shut. To ^illustrate the two 
views given by the two eyes which combine to give one im- 
pression to the brain, take a small solid object, say a die, and 
place it with one of its faces directly opposite to you at a 
distance of 8 inches or so. The solidity of the cube will be 
apparent, and if first one eye is closed and then the other, the 
right eye will see a foreshortened view of the right-hand face, 
and the left eye will see the lef1>-hand face. 

Look at a distant vertical line, as a window bar. Then hold 
up a pencil about a foot away immediately between your face 
and the window bar. Look at the pencil,, and you will seem to 
see two distant window bars. The left eye sees the window bar 
to the left of the pencil, and the right eye to the right of it ; 
and a double impression is thus conveyed to the brain. As a 
rule one eye is slightly stronger than the other; and it can 
easily be found which gives the stronger impression to the brain. 
Hold up a ring and look at a distant object through it with 
both eyes, the ring being at arm^s length. Then shut each 
eye in turn and it will be found that one eye, usually the right, 
sees the distant object through the ring, while with the other 
eye the object shifts to the side. The eye which gives the same 
view as both eyes together is the stronger, the master eye. 

Stereoscope. — By drawing two views of the same object as 
seen by each "eye and placing these views side by side, and 
making some arrangement by which the right eye looks at the 
right-hand view only, and the left eye at the left-hand view 
only, we can convey to the brain the impression that we are 
looking at a solid object. In Fig. 82 are shown two views of 
an extinguisher. If a card be held between the figures and 
they are looked at steadily, one with the right eye, the other 
with the left, in a few seconds the two views will combine into ' 
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one, giving a strong appearance of an actual extinguisher, or 
what artists call ‘ a relief ’ of the extinguisher. An instrument 
for enabling the eyes to combine two such pictures easily is 
called a stereoscope. The rays passing through tfie edge of a 
lens, are bent towards the thicker part of the lens. Hence a 
piece of a lens may be used for shifting the apparent position of 
an object. The ordinary stereoscope is made by cutting a 
convex lens in half, putting the two halves with their edges 



Fig. 82. — Stereoscopic picture. 


towards each other, and arranging that the right eye E (Fig. 83) 
should look through one half at a picture and the left . 

eye L through the other half at a picture AgBg of the same 
object, taken from a slightly diflferent point 
of view. Both lenses will give an enlarged 
picture in the position AB, which wdll have 
the appearance of relief, owing to the slightly 
diflferent relative positions of the objects in the 
two views. 

Duration of Impressions on the Retina. 

— When a glowing match is whirled rapidly 

in the air, the eye can only distinguish a circle 

of light. The spokes of a wheel rotating 

rapidly cannot be made out: but when the Fig. ss. 

, 1 - . , . . 11 Stereoscopic images, 

wheels of a carnage driven in the dark are 

illuminated suddenly by a flash of lightning, each individual 

spoke can be clearly made out. This is due to the fact that 

each impression given to the retina remains for an appreciable 
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time. In the case of the spark revolving rapidly the impres- 
sion of light at any point in the circle remains until the spark 
comes round again, and so a permanent bright circle is seen. 
The average duration of the impression is of a second ; but it 
varies with different people, and with the strength of the 
light. Helmholtz found the duration of the impression made 
by a piece of white paper to last with undimmished strength for 
tV of a second. In the kihetoscope and kindred instruments, 
photographs of things in motion are presented to our eyes at the 
rate of 30 to 40 per second, and the illusion is complete. 

The total duration with decreasing strength is much greater. 
With bright light, like that from a window or the sun, the im- 
pression lasts for some minutes, and goes through many changes 
of colour before it fades. The experiment can easily be made 
by looking steadily at a bright object and then shutting the 
eyes. 

Accommodation. — It has been mentioned that the crystalline 
lens can have its curvature altered so as to view near or distant 
objects. . This alteration of curvature is called accommodation. 
When a normal eye is at rest it is in focus for distant objects, 
i,e, for parallel rays, so that the principal focus of the eye lies 
on the retina. There is a sensation of effort when we look at a 
near object after looking at a distant one. When we turn to a 
distant object from a near one, the sensation, if any, is one of 
relief or relaxation (Foster’s Physiology). The effort consists in 
the contraction of the ciliary muscle, which pushes, forward the 
front part of the eye, and allows the suspensory ligament of the 
crystalline lens to relax its tension, and the lens itself to increase 
in curvature. The relaxing of the ciliary muscle tightens the 
ligament again, and the lens is pulled flatter. 

Defects of Vision. — Spherical aberration in the eye is 
corrected by the iris, which acts as a stop, allowing only the 
central rays to reach the crystalline lens. There is no arrange- 
ment in the eye to correct dispersion of colours, and consequently 
the eye is not achromatic ; but it needs somewhat refined 
means to find this out. It can be shown by holding a page of 
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small print in the dispersed light from a prism, as that in 
Newton^s experiment (p. 542). If the print in the yellow light 
is distinct, that in the red or the blue will appear indistinct, 
owing to the eye requiring a slightly different focuss*ing for light 
of different colours. This defect is common to all eyes. 

. Short-sightedness or Myopy (/ai'w Mxj/, muo ops, closing 
the eyes, i.e. short-sighted). — In some persons the natural 
focal length of the eye is too short, and the j)Ower of accommo- 
dation cannot bring the images of distant objects on to the 
retina. In such cases only very near objects can be seen 
distinctly, and the person is short-sighted. This defect can be 
counteracted by concave lenses placed in front of the eyes, which 
make up for the convexity of the cornea or crystalline lens. 



Fig. 84 shows the position of the principal focus of the 
crystalline lens and cornea — 

V for a normal eye, 

F| for a sliortvsighted eye. 

Fg for a long-sighted eye. 

The displacements of and F 2 are exaggerated for the sake of 
clearness. 

Long-sightedness or Hypermetropia. — When a long-sighted 
eye is at rest, rays are brought to a focus behind the retina. 
Thus in order to see distant objects a certain amount of accom- 
modation is required to bring the focus forward on to the 
letina; for near objects the accommodation required is too 
much for the powers of the eye ; this is effected by the use of 
convex glasses, which bring the focus up to the retina again. 
Hypermetropia is distinct from presbyopia, which is simply the 
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loss of power of accommodation due to old age. The shape of 
the eye itself does not alter with age. 

Astigmatism. — In the ordinary or normal eye, the cornea is 
like a smalt watch glass, the curvature being the same all the 
way round. ’ In some eyes it is found that the cornea, or the 
eye as a whole, is not symmetrical about its axis. That is to say, 
a vertical section of the eye would show a diflFerent curvature to 
a horizontal section. On looking at a sheet of paper on which 
vertical and horizontal lines are drawn, such an eye would see 
the horizojtital lines blurred when the vertical lines were distinct, 
and vic>e versA, This defect is called astigmatism, and is corrected 
by the use of cylindrical lenses, lenses which are most curved in 
the plane in which the vision needs assistance. 

Least Distance of Distinct Vision. — A person with normal 
sight can see objects at a distance when his eyes are at their 
natural curvature. By the process of accommodation he can 
focus the eyes to see nearer objects distinctly ; but there is a 
limit to this power of accommodation, and when objects are 
nearer than a certain distance, he can no longer see them 
distinctly. This distance, inside which objects become blurred 
and indistinct, is called the least distance of distinct vision. For 
persons with normal sight this distance is frt)m 5 to 6 inches. 
For short-sighted -persons it is less, and for long-sighted persons 
greater. 



CHAPTEE X 
OrTKJAi. Instruments 

Magic Lantern — Photogi-apliio Camera — Camera Obsciira — Simple. Microscope 
— Compound Microsco{)e — Astronomical Telescope — Eye-pieces — N aval 
Telescope — Galileo’s Telescope— Reflecting Telescopes. 

Magic Lantern. — This is an apparatus for throwing on a screen 
an enlarged image of some object, usually a transparent picture. 
With the increase of size of the image there will of course be a 
decrease of intensity of illumination, according to the law of th^ 
inverse square (p. 515). If the image is to be bright, it is there- 
fore necessary that a very strong light should fall on the object. 



The source of light may be a powerful oil lamp with reflectors ; 
but a more effective light is given by an oxyhydrogen jet 
turned on to a cylinder of lime, which is thereby made to glow 
with an intense white light. Still more powerful is the electric 
arc-lamp (Electricity, p. 800). 

In Fig. 85 is shown the relative position of the essential parts 
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of the apparatus. Light from the source L falls on a large 
convex lens C, called the condenser, and is made to converge 
slightly and fall on the slide AB, which is thus strongly illu- 
minated. Light from each point of the slide passes through 
the lens 0 "in the nozzle of the lantern and is focussed on 
the screen, giving an enlarged inverted image of the slide. No 
light is allowed to reach the screen except by the path indicated. 

Pinhole Camera. — This is simply an adaptation of the 
apparatus shown in Fig. 2, and it can be used when the object 
whose image is to be formed is strongly illuminated. Each 
point of the object AB sends its. small pencil of rays through 
the pinhole P, and so an inverted image ah is thrown on the 



screen. Its distinctness will depend on the minuteness of the 
pinhole, though of course the quantity of light that reaches the 
screen decreases with the diminution of the size of the pinhole. 
If the screen is replaced by a sensitive plate, the image thrown 
on it may be developed and fixed by the use of chemicals. 

Ordinary Photographic Camera. — In this a lens or system 
of lenses is used to form the image on the screen. No light is 
allowed to reach the screen except through the lens, which is 
focussed and adjusted so as to throw* a clear and undistorted 
image ah of the object AB which is to be photographed (Fig. 87). 
A sensitive plate or film is then put in place of the screen, the 
necessary exposure to the light from AB is given, and the 
chemical effect of the light is developed and fixed on .the plate 
by the use of various washes. The essential part of a good 
camera is a good lens. A sharp image requires a stop (see 
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page 560), and the quantity of light falling on the plate is pro- 
portional to the area of the stop. 

Camera Obscura. — Light from surrouiuling objects falls on 
a plane mirror at an angle of 45"*, or a totally reflecting prism 



M, and is thus reflected on to a lens L which forms an image of 
the object on a screen of white paper on a tal>le. The reflector 
M is in a roof vertically above the table, and the mirror can be 
turned about a vertical axis so as to admit light from any 



required point of the compass. The room containing the table 
on which the image is thrown is shut off from all other light, 
and hence receives its name ‘ camera obscura * or dark room. 
Simple Mlcroseope. — This consists of an ordinary convex 
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lens. The course of the rays is shown in Fig. 89. An object 
PQ viewed through the lens appears to be in the position 
pq. Notice that pq and PQ subtend the same angle at the centre 
of the lens O, since rays passing through the centre undergo no 
bending (see p. 556). The eye is close up against the lens, so 



Pig. 89.— Simple microscope 


that practically both the object and its image subtend the 
same angle at the eye, and the apparent size of the object is 
unaltered. But then the object itself is close to the eye, so 
close that if the lens were not there it would he too close to he seen 
distinctly^ in other words, nearer than the least distance of distinct 



vision (p. 570). Therefore the effect of the lens is to shift the 
apparent position of the object to a distance at which it can be 
seen clearly, whilst bending the rays so that the apparent size is 
unaltered. Often the simple microscope consists of a combina- 
tion of two lenses close together. 

CODDINGTON^S Lens is a sphere of glass arranged with a 
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stop, 80 that only rays passing near the centre of the sphere are 
allowed through (Fig. 90).* The stop is generally made by 
cutting a groove round the sphere like a belt, and filling the 
groove with^some opaque substance. 

Stanhope’s Lens (Fig. 91) is a cylinder of glass with one 
end ground into a spherical surface S, 


and the other end plane, and the length 
of the cylinder is such that objects 
placed m the plane surface P are in 



focus when the convex end is turned 
towards the eye. This gives a con- 


Fig. 91.— Rtanhopfl’s lens. 


venient way of mounting small objects, and is used especially 
for small photographs, which arc fixed to the i^lane "surface. 


Compound Microscope. — The principle of this is show in 


Fig. 92. The small lens 0 (called the object-glass, and having 



Fig. 92. — ComiK)und microscope. 


a short focal length) forms a magnified image of the object PQ. 
A second lens E, called the eye-piece, is placed so that comes 
near its principal focus, and, as in the simple microscope, shifts the 
apparent position of to the least distance of distinct vision 
In good microscopes the olyect-glass is an achromatic system 
of lenses (see p. 5G2), and the eye-piece also consists of two lenses. 

Note that the eye receives an inverted image of the object. 


Magnification = 


TQ 


M PQ 


Efj OQ* 


Astronomical Telescope. — The arrangement of lenses in this 
is the same as in the compound microscope. The object glass 0 
(Fig. 93) is large, and since the instrument is used for viewing 
very far distant objects, the rays that fall on 0 are parallel, and 
are made to converge to the principal focus of 0 (see pi, 555), 
Bays coming from a distant point situated on OQ, the a^is of 

2 P 
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the Ifelescope produced, are thus made to converge to the point 
q at the principal focus. Bays conring from a distant point in 
the direction P are brought to a focus at p. The eye-piece E is 
placed so that its piincipal focus is also at q. Tlje rays from 
P therefore all emerge parallel to jpE, and the angle subtended 
by the object PQ is now pEq instead of POQ or pOq ; therefore 
the apparent size of the object is increased in the ratio of these 
two angles. 

(since the angles are very small) 

X^LpOq tanjtjOj 

Eg 2>q Eg /’ 


where F and f arc the focal lengths of the object-glass and the eye-piece 
respectively, 


F “I 

magnification- ^ . J 



Fig. 98.— Astronomical telescope. 


The angle POQ is much exaggerated in the figure for the sake 
of clearness ; so also are the lenses in comparison with the dis- 
tance between them. 

Note that the image is inverted, as in the compound micro- 
scope. In looking at heavenly bodies this is no disadvantage as 
a rule. 

Eye-piece. — It is found in practice that a combination of 
lenses is more satisfactory for an eye-piece than a single lens. 
The combination may be made so as to diminish and nearly do 
away with spherical and chromatic aberration. Eye-pieces may 
be divided into tvt^o classes — ^positive, in which the principal focus 
is outside of the two lenses; and negative, in which it falls between 
them. The most common positive eye-piece is Ramsden^s Eye- 
VIECE (Fig. 94). In this the two lenses are of equal focal length. 
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and the distance between is | of that focal length. This eye- 
piece is used for astronomical purposes, and cross-wires are 
fixed at the principal focus of the object-glass of the telescope, 
these are seen through the eye -piece in coincidence with the 
object under observation, and so can be used for measurements. 



Fij;. l»4.— llainsdeii’a eye-piece. 


The chief negative eye-piece is Huygiiens’ Eye-piece (Fig. 
95). Ill this the field-glass has a focal length three times that 
of the eye-glass, and the distance between them is twice the 
focal length of the eye-glass. It was invented by Huyghens to 
diminish the aberration by making the deviations of the rays at 
the two lenses equal. It was afterwards found to possess the 
additional advantage of being achromatic. In Figs. 94 and 
95, A is the image formed by the object-glass of the telescope, 



which is converted into the image B by the field-glass of the 
eye-piece. 

Erecting Eye-pieces. — For terrestrial objects it is important 
that the image should be erect, and for this purpose an erecting 
eye-piece must be fitted to the astronomical telescope. The 
ordinary erecting eye-piece consists of two lenses of the same 
focal length placed at any distance apart. Fig. 96 shows how 
the image is inverted without any alteration of its size. A and 
B are the centres of the two lenses. 
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Consider a pencil of rays from a point P of an image PQ 
situated at the principal focus of the lens A. Since P is at the 
focus, the i;ays are parallel when they emerge from A, and 
consequently after passing through B converge to a point p at 
the principal focus of B. The principal focus is moved from Q 
to q ; there is no magnification, but the image is upright instead 
of inverted. 



Fig. 96.— Erecting eye-pieco. 


Naval Telescopes. — The telescopes in use in the navy, such 
as the Naval Telescope, and the ‘ Officer of the Watch ^ telescope, 
are astronomical telescopes fitted with erecting eye-pieces. Fig. 
97 gives a representation of the < Officer of the Watch ^ telescope. 
The focal length of the object-glass is 13 inches, and an inverted 
imago of the distant object is formed at or near the principal focus. 
The erector reinverts this image into an erect image P'Q' at 



the focus of the eye-piece, which itself consists of two lenses. 
These two lenses are arranged in Eamsden^s method as a ‘ posi- 
tive ' eye-piece, ie. one giving a real image, and having its focus 
outside the two lenses. The four lenses of the erector and eye- 
piece are fixed in one tube, and the instrument is focussed by 
adjusting this tube. There is only one joint to the telescope. 

Galileo*s Telescope. — This has the advantage of giving an 
erect image with two lenses only (Fig. 98)., The eye-piece is a 
concave lens, and makes the light diverge. It is placed so as 
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to receive the light coming from the object-glass 0 before it 
reaches its focus. The focus of the eye-piece coincides with the 
focus of the object-glass, so the rays emerge parallel again. 
This telescope, invented by Galileo, is shorter than the astrono- 
mical telescope, because the distance between the lenses is the 
difference, not the sura, of their focal lengths. 



Ordinary opera -glasses consist of two Galileo’s telescopes 
fastened together with their optic axes parallel 

Notice that, as in the astronomical telescope, the magnifica- 
tion is given by a comparison of the angles the light makes with 
the optic axis after and before passing through the telescope, 
that is to say, the angles jiiEq and POQ, or pEq and pOrj. 

[ pEq _ ta n pEq pq 
pOq ” tan pOq ” M ~ ~ ’ 

where F and / are the focal lengths of the object-glass and the eye-piece 
respectively.] 

Newton’s Reflecting Telescope. — It has been mentioned 
(p. 561) that Newton was under the impression ‘that dispersion 
of colour and refraction were inseparable, that therefore a refract- 
ing telescope must necessarily exhibit dispersion, and that the 
more powerful the lenses the more widely separated must the 
colours be. This we know to be incorrect ; but Newton’s mis- 
take had its advantages, for it led him to invent his reflecting 
telescope. All colours are reflected alike, and white light after 
reflection is white light still. So Newton, instead of collecting 
the rays by a lens, used a curved mirror or spemlwa of polished 
metal to bring the light to a focus. Then, in order that the 
observer should not stand in his own light, Newton placed a 
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small plane mirror M, making an angle of 45° with the axis of 
the curved mirror C, to reflect the light at right angles. Newton 
used, instead of a plane mirror, a total reflection prism M (Fig. 
99), in which the loss of light is less. The image formed by 



the speculum and reflected by M is then viewed by an eye-piece 
E, as in the astronomical telescope. The mirror or prism serves 
to correct spherical aberration in the speculum by shutting off 
the central rays. 

Herschers Reflecting* Telescope. — HerscheFs telescope is a 



reflector, like Newton’s, but so placed that the axis of the large 
mirror makes a slight angle with the direction of the incident 
light which is reflected to a focus on the other side of the axis, 
and so can pass direct to an eye-piece without any light being 
shut off by the observer himself. In Fig. 100, CQ is the axis 
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the tube of the telescope, slightly inclined to CO, which is the 
axis of the large mirror or speculum. CE is the axis of the 
eye-piece, equally inclined with CQ to CO. Light incident in 
the direction QC is brought to a focus at q, and light incident 
in the direction PC is brought to a focus at j?, so that pq is the 
image of a distant object which subtends the angle PCQ. 

HerscheFs arrangement is only applicable when mirrors of 
very large diameter are used. Lord Possess great telescope is 
of this class, the diameter of the speculum being 6 feet, and its 
focal length 53 feet. 

Other reflecting telescopes are Gregory’s and Cassegrain’s. 
In these, two curved mirrors are used, arranged in such a way 
that the observer looks in the direction of the incident light. 
Gregory described his telescope in a book published in 1663, so 
that he may be said to be the inventor of the reflecting telescope. 
Most of the telescopes now used are refractors. 

The great telescope at the Lick Observatory in America, 
with which the fifth satellite of Jupiter was discovered, is a 
refractor with an object-glass 36 inches in diameter. The Yerkes 
telescope of Chicago University has an object-glass 40 inches in 
diameter. These large lenses have the disadvantage of being 
far more costly than reflectors. 



CHAPTER XI 
Interference and Diffraction 

Colours of Thin Plates — Newton’s Rings — His explanation of them — Explana- 
tion according to Wave Theory — Light from two Different Sources — 
Young’s Interference Experiment — Fresnel’s Mirrors — Diffraction — Diffi- 
culty of explaining Rectilinear Propagation of Liglit — Shadow thrown 
by a Straight Edge — Narrow Obstacle — Nan*ow Aperture — Diffraction 
Gratings — Method of Measuring Wave Length — Colour and Wave Length 
— Summary of Results. 

Interference Phenomena. — We now come to a group of 
phenomena^ more interesting than any wo have yet considered, 
because more closely connected with the origin and basis of the 
wave theory. The subject of the interference of waves has been 
treated of in Wave Motion, and that subject should be studied 
in order that the explanation of the appearances hereafter de- 
scribed may bo understood. 

Colours of Thin Plates. — We have all seen the beautiful 
colours in the film of a soap-bubble. These colours do not 
appear in an ordinary solution of soap standing in a vessel ; but 
directly the solution is shaken so as to form bubbles, the colours 
make their appearance. A similar appearance may be noticed on 
the surface of water which has bepn contaminated with a little 
tar, or on which a few drops of turpentine have been poured. 
A thin film of turpentine spreads over the water, and light 
reflected from the surface is broken up into colours. Any 
tiunsparent substance when split into very thin plates will show 
these colours ; talc and Iceland spar, crystals with very perfect 
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cleavage, are instances ; air in thin films is another. When 
we see this colouring on the surface of glass we are often right 
in assuming it to he due to a thin film of dirt, Le, matter in 
the wrong place. A thin plate of any transparent tmedium is 
all that is necessary for the colouring. Take two pieces of 
smooth and perfectly clean glass, and hold them together 
between the finger and thumb. Coloured rings will bo seen in 
the region of the compression, and these rings widen out if the 
pieces of glass are pressed together more tightly. The colouring 
then is evidently due to and dependent on the thinness of the 
transparent film. 

Newton’s Rings. — Boyle, and after him Hooke, in the seven- 
teenth ecntury, made many ob- 
servations of these appearances, 
and Hooke in particular went 
some way towards their ex- 
planation as now accepted. It 
was left for Newton to make 
accurate measurements connect- 
ing the thickness of the film 
with the colour it shows. 

Pig. 101.— Fonnatioii of Newton’s rings. Fig. 102.— Newton’s rings (monochromatic). 

Newton took a plano-convex lens, the curvature of the 
convex face being very slight, and placed on it a flat piece of 
glass, which touched the convex face at the point A (Fig. 101). 
He thus obtained a film of air between the flat glass and the 
lens, with its thickness increasing with the distance from the 
central point A, and the same for all points at the same distance 
from A. . On looking at the film he saw a series of coloured rings, 
all with their centre at A, and by using light of one colour only 
he obtained a series of alternate bright and dark rings (Fig. 102). 

* For blue light the diameters of the rings were less than for red 
light, and the ring§ contracted as the light was gradually changed 
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through the spectrum from red to blue. With white light the 
different colours, having rings of different diameters, were 
separated, and a rainbow effect resulted, until at some distance 
from the oentro the different coloured rings overlapped, forming 
white light again. [The thickness of the film at any point P 
(Fig. 101) can be obtiiined from the distance AP and the radius 
R of the convex face. The latter can be obtained by finding the 
focal length of the lens (p. 558). Then when P is at a small 
distance from A, we have approximately, by Euc. III. 36, 
AP2==2RxPQ.] 

Newton’s Explanation. — Newton’s theory was that his light- 
corpuscles were subject to fits of alternate easy reflection and 
easy transmission, and that the bright rings resulted from light- 
particles reaching the further surface of the film in a state of 
easy reflection, and so coming back, while the dark rings were 
caused by the particles being in a state of easy transmission, and 
so passing on. If the light-particles be assumed to have polarity, 
that is, to be different back from front, and to be rotating so 
as to present their back and front alternately, Newton’s ex- 
planation seems reasonable and ingenious. But it assumes that 
the separating action takes place at the further surface only, and 
it can be shown experimentally that such is not the case. 

Explanation of Newton’s Rings on the Wave Theory. — 
The wave theory explains the rings by referring them to inter- 
ference (see Wave Motion, p. 447). Some of the light is 
reflected at the first surface of the film, while some passes on 
and is reflected at the second surface, so that streams of light 
from two different sources reach the eye simultaneously. Now 
if the film be of such a thickness that the two streams differ in 
phase by a wave length or some multiple of a wave length, the 
two streams will help one another and a bright ring will be 
seen. But if the streams differ in phase by a half wave length or 
some odd multiple of it, the streams will counteract each other and 
darkness will be the result. The rings that are seen by trans- 
mitted light are explained as being due to the interference of . 
light which has passed directly through the film with light 
which has undergone two internal reflections within the film. 
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Geometrical Explanation of Newton’s Ringrs. — AB (Fig. 
103) is a wave-front advancing through glass upon a film of air. 
If the incidence is perpen- 
dicular it is plain that rays 
which pass into the air and 
are reflected at the further 
surface will be a distance 2/ 
behind rays which are re- 
flected at the first surface, 
t being the .thickness of the 
film of kir. But if the inci- 
dence be oblique, the wave-front in the air film will be ah, and 
ray No. 2 will travel from A to a while ray No. 1 is travelling 
from B to h. The total retardation of the second ray will there- 
fore bo due to a thickness of air \ac + a'c = 2ac or 2t cos adi]?- 
The retardation diminishes as the obliquity of incidence increases, 
and therefore slanting the direction of the light produces the same 
effect as making the air film thinner, viz. that of widening the 
rings. Hence the rings increase on increasing the angle of 
incidence, and their diameters are proportional to the secant of 
the angle of incidence in air. This result corresponds with the 
observed phenomena, of which Newton could give no explana- 
tion. The wave theory being admitted, it is evident that New- 
ton’s rings supply a method for finding the wave length of light. 

Light from two Different Sources. — In order that two 
streams of light should neutralise each other, it ‘is necessary 
that they should agree in their times of starting, or differ by a 
constant quantity. In the case of light from two flames, or 
from different parts of the same flame, the times of starting of 
the waves are continually changing in an irregular manner, so 
that nothing but the average effect can be observed. In order 
that interference phenomena may be studied, we must arrange 
that our two streams of light come from the same source, but 
pursue slightly different paths. 

' To this should be added a half-wave-length, the difference in phase caused 
by the different character of the two reflections. For the same reason, the central 
spot (Fi^l02) 1 b dark, not bright 



Fig. 103. 

Geometrical explanation of Newton’s rings 
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Young’s Interference Experiment. — Young tried unsuccess- 
fully to obtain interference effects from sunlight admitted into a 
darkened room through two small apertures. The two streams 
of light so* obtained have no regular connection with each other, 
and, though doubtless interference tjikes place, it must change 
with such rapidity and irregularity as to be unobservable. If,* 



Fig. 104.— Presnel’i interference mirrors. 

however, one small aperture be used, and the stream of sunlight 
from it be intercepted by an opaque screen in which two small 
holes are made, the two divisions of the stream thus obtained 
have a r^ular connection with each other and interfere. This 
phenomenon was first observed by Grimaldi in the S6vetiteent]| 
century, and repeated by Young and Fresnel, who worked out 
the complete mathematical explanation of it by the wave thec^. 
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Fresners Mirrors and Biprism. — Fresnel invented two 
beautiful and ingenious methods of obtaining two streams of 
light differing slightly in phase. First he took two plane 
mirrors, ON, OM (Fig. 104), inclined at a very obtuse angle. 

> Placing these in a darkened room, into which a beam of sunlight 
was brought to a focus S, he obtained twg virtual images of S, 
viz. $ and s\ in the two mirrors. The two streams of light 




Fig. 105^.— Lloyd’s single mirror. 


travel slightly different paths, one set of waves diverging from 
s and the other from /, as shown in the figure. The plain and 
dotted circles in the figure show the ‘crests* and ‘hollows* of 
the waves. Where crest coincides with crest and hollow with 
hollow, as at the points a a , there will be a ^bright band, 
but where crests meet hollows, as at m m . , . , they neutralise 
each other and a dark band results. Fresnel also obfiiined a 
similar result by using a biprism, two prisms of small angle 
back to back, usually made as a single prism of wide angle (Fig. 
106a), by which light from a single small source S was deviated 
into two streams of slightly different path. The easiest way of 
obtaining interference bands, however, is with Lloyd’s single 
mirror. This is a strip of plate-glass AB about 1 8 inches long 
and inches wide, mounted with its surface vertical. An 
illuminated vertical slit is placed a little way from one end, and 
very near the surface. An eye near the othir end can see both the 
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slit S and its image and if these are near together, interference 
bands will be easily seen if an eye-piece is used (Fig. 105/?). 

The interference phenomena in these cases are exactly 
similar to that illustrated in" Wave Motion, p. 446, where the 
waves that interfere are ripples on the surface of mercury. 

Dilfraction. — Difficulty of explaining Rectilinear Propaga- 
tion. — The greatest difficulty encountered by the exponents of 
the wave theory of light was the fact that light travelled in 
straight lines. Why should opaque objects throw such sharply 
defined shadows ? Why should the sun's light breaking through 
clouds or entering a room through a chink in a shutter be so 
obviously straight in its course ? Waves in air and water were 

.)» 

Fig. 106.— Wide aperture. Fig. 107.— Narrow aperture. 

known to turn comers. If light, like sound, were really wave- 
motion, why should it differ from sound by its inability to turn 
a corner ? 

In answer to these questions, it may be stated shortly that — 

(i) Light does turn corners slightly. 

(ii) Sound shadows are known to exist. 

It has been shown in Wave Motion (p. 449) that the sharp- 
ness of ‘shadows' is dependent on the length of the waves. 
The shorter the waves the more sharply defined the shadows. 
Now the average wave length of light is -siruwu of an inch, while 
the wave lengths of the sounds of the human voice vary from 2 
to 12 feet. 

When a wave-front passes through an aperture large in com- 
parison with the wave length, the effect is more or less that 
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shown in Fig. 106 ; whereas if the aperture be at all comparable 
with the wave length, the disturbance is propagated in all direc- 
tions (Fig. 107). So when sound passes through an aperture of 
a few feet in diameter, it diverges in all directions ; but when it 
passes through an aperture of several hundred feet in width, 
such as a street or a mountain gorge, it travels approximately in 
straight lines like light. On the other hand, if light be made 
to pass through a slit whose width is comparable with 
an inch, we see it diffracted in all directions. 

Shadow thrown by a Straight Edge. — If light from a lumin- 
ous point 0 (Fig. 108), such as the image of the sun produced 
by a lens of short focus, or from a narrow slit, be allowed to fall 
on a white screen PQ, and the edge A of an opaque card AB 



Fig. 108. — Diffraction at straight edge. 



Fig. 109.— Diffraction fringes. 


be placed parallel to the slit, so as to throw a shadow on the 
screen, *it will be found that the edge of the shadow is not abso- 
lutely sharp at M, as would be the case if light travelled in 
straight lines, but that the light fades away rapidly but gradu- 
ally, and that complete darkness is reached a little below M. 
Above M the screen is not uniformly bright, but a series of 
fringes are seen parallel to the edge fading away into uniform 
brightness a little above M (Fig. 109). 

Young tried to account for these fringes as the result of 
interference of direct light with light reflected at a grazing inci- 
dence by the edge of the card. Fresnel showed that they are 
explained naturally as resulting from the interference of secondary 
waves, part of which have been cut off by the opaque screen. 
(Wave Motion, p. 439), The observed position of the fringes 
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agrees exactly with that calculated on the assumption of the 
wave theory. 

Narrow Obstacle. — If, instead of a screen with a straight 
edge, a narrow wire be put in the path of the light coming from 
the slit, the diffraction fringes produced by the two edges of the 
wire may be made to overlap, and it is possible so to adjust the 
distances that a bright line is seen in the centre of what should 
he the shadow of the wire if light travelled in straight lines. Or 
if the source of light be a luminous point, and a small circular 
disc be put in the path of the light, the fringes are circular, and 
it is possible to adjust the position of the disc so that the centre 
of the geometrical shadow is a bright point. With a disc of the 
size of a sovereign this can be done, brilliant coloured fringes 
being produced round the shadow of the coin. 

Narrow Aperture. — If a narrow slit be cut in a card and 
placed close to a candle, and if the light from the slit be viewed 
through another slit held close to the eye, diffraction fringes may 
be observed. And if a small circular aperture, such as a pinhole 
in a sheet of metal, be placed near the source of light and viewed 
through a pocket lens, most brilliant circular fringes are seen, 
opening out and changing colours as the distance of the eye from 
the pinhole is changed. Theoretically it should be possible so to 
adjust the distances that the centre of the luminous patch should 
be dark. This strange result can be and has actually been 
obtained. 

Diffraction Gratings. — Method of Measuring the Wave 
Length of Light. — A diffraction grating is made by ruling with 
a fine diamond point a number of parallel lines vfery close 
together on a plate of glass. The lines cut off the light, while 
the spaces between allow it to pass freely. Howland, the unrivalled 
maker of gratings, considered that 15,000 lines ta the inch give 
the best results ; they have been made with three times as many. 
When light from a narrow slit is viewed through such a grating, 
a central image of the slit will be seen, and on either side of it 
a series of coloured images, the colours being more spread out 
the further they are from the centaul image. A telescope should 
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be fbcuSsed on the slit, and the spectral images formed by the 
grating will then be visible through the telescope. Fig. 110 
shows the light coming through the grating MB, and brought to 
a focus by the lens. 

If the telescope be made to move on a graduated circle at 
’ whose centre is the grating, the angular distance of the first 
spectral image of the slit from the central image can be mea- 
sured. If the distance apart of the lines of the grating be known 
it will then be possible to calculate the wave length of light of 
any particular colour. To explain this we must go back to the 
wave theory. When two streams of light arrive at the same 



110. — Diffraction gratings. 

point in opposite phases, i.e, when the crests of *one set of waves 
arrive at the same time as the troughs of the other set, the 
result will be darkness. This is the case when light travels from 
one point to another by two different paths differing in length 
by half a wave or an odd multiple of half a wave. But when 
the paths differ in length by a whole wave, then the two crests 
arrive simultaneously and reinforce each other, the result being 
increased brightness. 

Now if B^Ap BgAg etc. (Fig. Ill) be the apertures, then it is 
obvious that there will be a central imago at M, while the next 
bright spot will be at P, where the distances of successive aper- 
tures from P differ by one wave length. The apertures, of course, 

2 Q 
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are enormously exaggerated in the figure. In the fig|t(re then 
BgC represents a wave length of light. The angle B^BgC has 
been measured (say ff), and we know the distance B^Bg. Therefore 
we have by trigonometry B^jC = B^Bg cos 9, 

The values of the wave lengths thus obtained correspond 
exactly with those given by FresneTs biprism and double mirror, ’ 
where the phenomenon is one of simple interference. 

If light of one colour only be used, the successive images 
are of that colour and of the same width. But if white light be 
used, the grating separates the colours like a prism, thus proving 
that different colours correspond to different wave lengths. A 
grating may be used instead of a prism in a spectroscope, and 



Pip. 111. — Interference — Diffraction gratings. 


it has the advantage of giving a pure spectrum, Le, one in which 
the colours belonging to the same spectrum do not overlap. 

Diffraction gratings can be used to reflect the light instead 
of transmitting it, and similar effects of colour -bands due to 
interference are seen. The plumage of birds owes much of 
its beautiful colouring to diffraction, the fine divisions of the 
feathers acting in the same way as the fine lines of a grating ; 
the changing colours of a cock pheasant's neck are a good 
example. Metal buttons, ruled with very fine lines, and giving 
beautiful diffraction colours by reflection, used to be worn as 
ornaments. 

Colour and Wave Length. — ^We can now recapitulate the 
facts we have learnt which bear on the subject of colour. 

(i) Different colours travel mth different velocities . — A narrow 
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beam of sunlight passing through a prism of glass is widened 
out into a band of colours, ranging from the least refrangible 
red to the most refrangible violet. Assuming that light of all 
colours travels with the same velocity in a vacuum, •the wav.c- 
theory would show that in glass and other refracting substances 
*the red rays are retarded less that the violet.^ 

(ii) The proportion of the retardation of rays of different colours 
varies very much in di(fcrent substfinces. This is further dis- 
cussed on p. 601. 

(iii) Dijferent wave lengths cause different colour sensations. This 
has been shown l)y the coloured bands produced by diffraction, 
by grating spectra, by Newton’s rings, and by Fresnel’s inter- 
ference experiments. The measurements obtained from these 
show that the wave length of light ranges roughly from 

in. (‘00082 mm.) in the red to ('00043 mm.) in 

the violet, intermediate wave lengths producing to the eye the 
sensations of orange, yellow, green, and blue. 

We infer from the above facts that light- waves of all lengths 
travel at the same rate in a vacuum, by which we mean a region 
destitute of ordinary ‘ matter,’ that the presence of solid, liquid, 
or gaseous matter has the effect of retarding them, and that in 
general the shorter waves are more retarded than the longer. 
In the present condition of science, no further general laws can 
be stated, for every substance appears to differ from every other 
substance in its effects on light-waves. 

^ A recent theory regards white liglit as a succession of more or less 
irregular pulses, and considers that a prism or a grating sifts out these pulses 
into groups of regular wave-trains ; in other words, that the jnism or the 
grating actually creates the colour by impressing regularity where little or 
none existed before. (See WmVs Physical Optics^ Chai>. xxi., in which 
recent work is described and discussed. ) 



CHAPTER XII 
The Spectroscope 

Princiiple of the Spcctroscoi)e — Mode of obtaining a Pure Spectrum — Table 
Spectroscoj^e — Direct V ision Spectroscope — Spectra of Incandescent Solids 
and Vapours — Fraunhofer’s Lines — Rays beyond the Visible Spectrum. 

The spectroscope is in the first instance an instrument for 
analysing the colours in any kind of light. The simplest 
form of such an instrument is . furnished by Newton,’s prism 
experiment (p. 542), in which a narrow beam of sunlight is 
analysed by a- prism and thrown on a scieen. This is only 
possible with a very strong light, and a more elaborate arrange- 
ment is necessary to view the colours given out by different 
kinds of matter in a state of combustion or incandescence {Le. 
burning or glowing). But the means by which the colours are 
separated are always simple, and consist either of a prism or 
of a diffraction grating. When a prism of glass is used, the 
dispersion of the colours seems to depend on their different 
velocities in glass ; when a grating is used, the dispersion is due 
more directly to their different wave lengths. 

Pure Spectrum. — However narrow the slit we allow the 
sunlight to pass through, the light received on a screen comes 
from each portion of the sun's surface, and a band of breadth ss' 
(Fig. 112) is formed on the screen. Now if a prism be inter- 
posed, the red rays are refracted, and coine into the position rr\ 
Each colour is refracted in the same way, and the bands of con- 
secutive colours overlap, in other words the spectrum is not 
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pure. By putting a convex lens in front of the slit we can form 
an image of the slit on the screen instead of a broad band of 
flight (Fig. 113). Now if the prism be interposed in the posi- 
tion of minimum deviation, the screen receives an image of the 
^slit in each colour, and (if the slit be nairow) there is very little 
overlapping. The minimum deviation for red rays is not the 
same as for violet, so the prism is placed to give minimum 
deviation for an intermediate colour, it being remembered that 



Fig. 112. — Spectrum projected ou a screen. 



Fig. 118.— How to obtain a pure spectrum. 


in the minimum position the deviation is stationary, a slight 
turn of the prism producing no change (see p. 540). But with- 
out parallel light the spectrum cannot be absolutely pure. 

Table-Spectroseope. — A simple plan of this instrument is 
shown in Fig. 114. Light from the flame which is being 
examined passes through a slit S and falls on a collimator, that 
is to say, a lens or lenses arranged to give a parallel pencil of 
rays. The rays that fall on the prism P are parallel, and 
therefore, after refraction at the two surfaces of the prism, 
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the rays of each colour emerge parallel, i.e, the red rays are all 
parallel to each other, so are the yellow, green, violet, etc. On 
falling on the achromatic object-glass 0 of another telescope, a 
siiiall bright image of the slit is formed at its focus in each 
colour ; this forms at F a pure spectrum, but small. The eye-piece, 
E gives the observer an enlarged image of it. Often a series of 
prisms is used instead of the single prism. The telescope OE 
can be turned about the centre P by the milled-headed screw B, 
and the angle through which it is turned can be read by the 
vernier V. For purposes of measurement, another telescope A 



throws light from a scale illuminated by a lamp on the second 
surface of the prism. This is conveyed by reflection to the eye, 
and so gives a moans of measuring the position of any parti- 
cular colour or line in the spectrum. 

A diflraction grating may be used instead of the prism. 

Direct Vision Spectroscope. — This is an . adaptation of the 
spectroscope as a pocket instrument. By using three prisms, 
one of flint-glass and the other two of crown-glass, with their 
edges the opposite way to the flint-glass prism, the deviation of 
the light is got rid of, while the colours are separated, owing to 
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the different dispersive powers of crown- and flint-glass. Fig. 115 
shows the arrangement of the prisms. S, a slit admitting the 
light, can be adjusted in width; L is a convex lens converting 
the light from the slit into a parallel beam, which falls on the 
three prisms, of which 1 and 3 are crown-glass, while 2 is flint- 
glass. The dispersed light passes on to the eye placed at E. 
The instrument has two tubes, so that the lens can be focussed 
on the slit. 



Spectra given by Various Substances. — If wo examine with 
the* spectroscope the light given by different flames and heated 
bodies, we find striking differences in their spectra. A glowing 
solid gives a coniinuom Hpectrwn, Examine the light of an incan- 
descent electric lamp with the spectroscope. When the carbon 
filament is white hot we see a continuous band of colour, rang- 
ing from red to violet ; if the electric current is turned off the 
band of colour dwindles, the violet end disappearing first and the 
red being last to go ; but there are no gaps in the band. The 
pulses caused by the hot airbon are capable of being resolved 
into wave-trains of all lengths within a range which widens with 
the temperature. Wien has formulated a law for the change of 
the spectrum of a glowing solid with the temperature. 

A glowing gas or vapour gives a spectrum of quite a different 
character. Instead of a broad band of colour, we find a few 
bright linos of different colours in their proper positions in the 
spectrum, the space between the lines being quite dark. From 
this we infer that the light waves produced by an incandescent 
vapour are capable of being resolved into certain particular lengths 
only. As an instance we will take sodium light. 

Sodium Light. — If ^ little salt (chloride of sodium) be put 
on the wick of a spirit-lamp, the flame, almost colourless before, 
becomes a very pure vellow. The flame of a Bunsen burner is 
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colourless ; but if a platinum wire be dipped in common salt or 
carbonate of soda and held in the flame, the same pure yellow 
colour is produced. All sodium salts give this colour to the 
flailie. If fhe flame thus produced be examined with the spec- 
troscope, the light is found to be backing in red, green, blue and 
violet, and the image of the slit, instead of being a continuous 
band, consists of a narrow yellow line, or rather two yellow lines 
very close together. The wave lengths corresponding to these two 
lines are *0005895 mm. and *0005889 min. We may suppose 
the atoms of sodium vapour to be in a violent state of agitation 
and able to produce vibrations in the ether, and that the period 
of these vibrations is always the same, producing waves of the 
above lengths. The coloured plate given on the opposite page 
shows the spectra of incandescent sodium vapour and hydrogen. 
These are seen to consist of bright lines of definite wave lengths, 
which seems to show that each kind of atom has its own 
characteristic vibration. 

Fraunhofer’s Lines. — If sunlight be examined with a good 
spectroscope, it is found that a large number of dark lines occur 
in various places. The coloured picture of the solar spectrum 
shows a few of these lines. Diffraction gratings are now made 
by ruling lines on speculum metal, with a diamond point, as 
many as 19,000 lines being crowded into one inch. With such 
a grating the spectrum has been dispersed to more than’ 100 
yards in length, and the number of Fraunhofer’s lines observed 
is practically without number. Some idea of the multitude of 
these lines is given by Fig. 116, which represents the portion of 
the solar spectrum between the lines D (wave lengths 5895 and 
5889) and E (wave length 5269), in which interval there are 
511 lines. These are now printed by photography, and can 
be examined with a microscope. Fraunhofer was the first 
to notice that a number of these lines coincided in position 
with bright lines noticed in certain artificial flames. For in- 
stance, the twin line marked D in the solar spectrum 
coincides exactly with the yellow line found in sodium light. 
The cause of these dark lines was explained by Professor 
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8tokcs in 1852. We will describe nn experiment which Avill 
help to nnik(i it clcfir. Let light giving a continuous spectrum, 
such as the liglit given l)y the electric arc laniji, be made to 
paj^ througli a llame coloured yellow with sodium light by 
])Utting eommoii salt or sodium carbonate in it, and then be 
examined by the sptictroscope. There will then appear a dark 
line, or two narrow dark lines, in the yellow where th(i sodium 
light ought to be. The parti(*les of sodium in the flame, while 
capable of giving rise to vibrations of (yertain periods, are also 
capable of taking u]) and absorbing such vibrations coming 
from another source. It has been ol)served (Sound, p. 478) 
that a violin A string may be set in vibration l)y simply holding 
an A tuning-fork near it. The arc lamp is at a higher tem- 
peraLire than the sodium flame ; among the A'ibrations of all 
periods into which its eneigy can be resolved, the sodium 
particles take up and absorb the viiu’ations of ccilain i)eriods, 
leaving the corresj)onding part of the spectrum darker than the 
other parts which have not lost the energy of their vibrations. 

Importance of the Dark Lines in Solar and Stellar 
Physics. — The dark lines in the solar spectrum can now be 
accounted for. The light coming from the main body of the 
sun has to pass through an outer envelope of various materials 
in a state of vapour. »Supj)o.sing sodium particles to be i)resent 
in this vapour, tliey would select and absorb the waves of their 
own period, and s(j cause those waves to come to us with their 
intensity diminished by comparison with their neighbours ; iti 
other words, the place in the spectrum occu^ned by sodium light 
would appear dark by comi)arison. The dark 1) line then 
(Plate) proves the cxistcJice of sodium in the vapour surround- 
ing the sun. In the same way the other daik lines correspond 
to other elements which we thus know to be jwesent in the sun. 
In Pig. 116 the elements corresponding to the different lines are 
indicated by their chemical symbols. Similar dark lines are 
found in the spectra of the fixed stars. Thus we learn from the 
spectroscope that the sun and stars contain many of the elements 
which compose our own earth. 
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This study is receiving daily additions, yet even now it is 
marvellously fruitful. Professors Lockyer and Huggins have 
shown that the bright lines given out by gases, and consequently 
the dark absorption lines corresponding to them, ditihr comphtely 
in gases at diflercnt pressures. ITicse observers announce that 
they have observed the lines II and K in the violet (known to 
belong to calcium and seen alone of the calcium lines in the 
solar spectrum) alorui in this gas wben much attenuated. Here 
is probably the future of a (piantitative analysis of the stars. 

Also the ]K)sition of known lines in the spectra of stars gives 
a clue to the motion of the vapours which show those lines. 
Just as a locomotive’s whistle has a sharp note of shorter wave 
length when it is approaching, which becomes flatter after the 
train has passed, so the shifting of a line towards the violet 
end implies approach and, towards the red, removal of the 
vapour. 

Irrational Dispersion. — Idie diflVaction spectra seen with a 
grating show a greater ])roportion of red and a smaller propor- 
tion of violet than the refraction spectra seen with a prism. 
The Fraunhofer’s lines form landmarks in the spectrum by which 
the dispersion of the different parts may be accurately observed. 

With a grating spectrum the dispersion of the lines varies as 
the diflcrence of their wave lengths ; this spectrum is accordingly 
called a Normal S2>ectrum. In the plate opposite p. 598 the scale 
above the normal spectrum gives the wave lengths corresponding 
to the different lines, a few of which only arc drawn. With a 
prism the proportion in which the different colours are separated 
depends on the material of the prism and is different for different 
substances. This is called Irrational Dispersion^ and is shown by 
the two top specti-a opposite p. 598. The lines A to I) in the 
red are closer together in both refraction spectra, and the lines 
F to H in the violet more spread out than in the diffraction 
spectrum. 

Anomalous Dispersion. — Infusions of some dye-stuffs, such 
as indigo, fuchsine, etc., give spectra, which are quite anomalous, 
for the yellow is most refracted and the violet least. This effect 
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is only ol^served in substances which have a surface colour ; it is 
ascribed to the total reflection of light of (jertain wave lengths 
by the suspended j)ar tides and subsequent internal reflection at 
the lurface of the liquid. By such a means the colours would 
be reversed, as in the secondary rainbow. 

Ultra Red and ultra Violet Rays. — The name light is given 
only to tliose Avavcis which act on the sight. These range in 
length from inch to inr^iro roughly. But we know 

of the existence of waves beyond these limits by other eftects 
produced by them. We know that the light of the sun brings 
Avith it heat, that the radiant heat so brought obeys the laws 



Fig. lir. — Picture of thermopile in spectrum. 


of reflection and refraction of light, and that it can lie brought 
to a focus l)y a lens. Let us separate the rays by a prism, and 
examine their heating effects separately by a thermopile or 
sensitive thermometer placed in different parts of the spectrum. 

We can thus determine Avhich rays lu'iiig most heat, and we 
find that the violet rays have no heating effect. In Fig. 118 
the heating-power of the different parts of the spectrum is 
shown by the curve, the height of the curve above the lino AE 
at any point, c.g, DC, giving the relative heating effect at that 
point. If we go beyond the red end of the spectrum, as at B,* 
we find a powerful heating effect though no light is to be seen. 
Waves of greater length than the red exist which have no effect 
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on the vision, but which convey heat. These are spoken of as 
the invisible heat-rays, or the ultra red rays. 

The violet rays have little or no heating effect. On the 
other hand, they have a powerful chemical action, in which the 



Fig. 118 .— Curve showing iieating efFcct of different parts of tlie spectrum. 


red and yellow rays arc wanting. And beyond the violet we 
find that rays exist which act on a ])h olographic plate, but 
which are invisible to the eye. 

The invisible spectrum at the violet end has been mapped 
out by photography, just as that at the red end has been mapped 
out with the aid of the bolometer (see p. 395). Dark lines 
similar to the Fraunhofer lines are found there also, and letters 
extending to R have been assigned to the principal ones. 

PhotogT-aphers use a yellow or red lamp to give them light 
for developing, because the longer waves have little or no effect 
on the salts which they use. 
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Colour in Natural Objects — Transmitted and Reflected Li^^lit — Complementary 
Colours —Mixture of T’igments Mixture of Colours — Nf'wton’s Disc — 
Maxwell’s Discs — Duration of Impressions on the Retina — Pliosplior- 
esecnee —Fluorescence. 


Colour in Natural Objects. — When light passes through a red 
glass is all the light changed to red ? This rpiestion can be 
answered by holding a red glass in front of a slit thi’ough which 
white light is falling on a prism. We find that the yellow, 
green, blue, and violet rays are almost entirely cut off’, and that 
the red rays are unaffected. This tells us that cedoured glasses 
are coloured because they only allow light of their own favourite 
colour to pass, absorbing all the rest. Now take a strip of 
coloured paper, say red, and hold it in the different parts of the 
spectrum. It appeal’s of its natural colour in the red portion, 
but in the other portions it seems Idack. This tells us that an 
object appears red because it absorbs other colours, reflecting or 
scattering red only. 

Transmitted and Reflected Light. — Smoke consisting of 
very fine particles, such as that from a cigarette end, appears of 
different colours according to the position of the light. Against 
a dark background it appears blue, but against the sky it appears 
of a reddish brown. The shadow cast by such smoke is of a 
distinctly brown colour. Again, if a little soap be dissolved in 
a tumbler of water so as to make it slightly turbid, the same 
difference in the colours of reflected and transmitted light is seen 
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fas in the case of the smoke. In each case the fine particles scatter 
the light of smaller wave length, allowing th(j longer waves to 
pass through. This is also supposed to be the reason why the 
sky is 1)luc. Tho shorter waves of blue are scattered more than 
the longer waves of other colours. At sunset and sunrise the 
sun appears njd. When the sun is near tin? horizon its rays have 
to travel through a greater thickness of atmos})here to reach us 
than when it is over our heads. The longer waves (I’ed and 
yellow) suhei* less scattering and absorption than the shorter 
waves. Even at noon the sun seems yellow at times rather 
than white, owing to the si^attcring of some of the blue light by 
the atmosphiire. 



Fig. IIP.— Colours of spoctruiii recoinbiued. 


Complementary Colours. — If the colours of the solar spectrum 
be recombined in the proper proportions we get white light again. 
This can be done by the arrangement of mirrors shown in Fig. 1 1 9, 
each mirror having a diffei'cnt colour of the spectrum to reflect and 
all the mirrors being arranged to throw their light on the same 
spot of the screen. The spot will appear white. If one of the 
mirrors, say that placed in the green light, be turned away a 
little, the spot on which all the other colours fall will now appear 
not white but red. If we replace the green and remove the 
yellow, the remaining colours make a blue spot. AVe thus hnd 
that if any one colour be taken away from white light, what 
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remains is another colour (called the complementary colour of that 
which is removed). 

Two colours are called complementary when together they 



Fig. 120.— Newton’s disc. 


form Avhite. Thus blue and 
yellow are complementary, 
red and green are comple- 
mentary. 

Mixture of Pigments 
not a Mixture of Colours. 

— Blue and ycillow pigments 
when mixed together for 
painting make green. Blue 
and yellow lights, however, 
when mixed together form 
white. It must 1x5 remem- 
bered that a coloured object, 
not self-luminous, owes its 
colour to the fact that it 
absorlis some colours of the 
light which falls on it, re- 
flecting and scattering the 
rest. Thus blue paint ab- 
sorbs red and yellow, re- 
flecting only green, blue, and 
violet. Yel low pai n t al )sorbs 
all but red, yellow, and 
green. Then when blue 
and yellow paints are mixed, 
the ordy colour which is not 
absorbed is green, which is 
reflected both by the blue 
and the yellow pigments. 


Newton’s Disc. — This is a disc mounted so as to be capable 


of being rotated rapidly by whirling apparatus and divided* into 


radial compartments painted the colours of the rainbow as nearly 


as may be (Fig. 120). Any impression on the retina of the eye 
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lasts for an appreciable time. If the disc bo rotated rapidly the 
impressions caused by the different colours overlap, and the disc 
appears a uniform gray. The stronger the light falling on the 
disc the more nearly does this gray approach to a white. It must 
be remembered that the disc is painted in seven colours, and that 
the white light obtained from their mixture cannot be expected 
to be more than that which would come from one-seventh of a 
white disc of the same size, therefore the rotating disc appears 
gray or dull white. If the colours be not very accurately painted, 
this gray will be tinged with the complement of the colour which is 
lacking. Very often the discs supplied by opticians are deficient 
in the blue part, and the resulting gray is yellowish in tinge. 

Maxwell’s Discs. — Clerk Maxwell invented an ingenious way 
of combining any two colours in any desired proportion. Different 
coloured discs of the same diameter have a hole at their centre 
so as to fit on to a whirling apparatus, and each has one radial 
slit cut in it. Two discs can be made to overlap each other by 
means of the slits, and so two colours can be combined iri any 
desired proportion. The discs must be very rapidly rotated to 
combine the colours thoroughly. If the pace of rotation is too 
slow, flashes of colour will be seen 
instead of a uniform tinge. 

Mixture of Complementary 
Colours. — Blue and yellow discs 
mixed in the right proportions give a 
good gray, and so do red and green. 

Make two paper squares of the 
same size, one yellow and the other 
blue, and lay them both on a black 
surface. Then hold a slip of plate- 

glass, as shown in Fig. 121, and one , 2 i.-compieme„tory coio..™. ' 
square can be seen by light trans- 
mitted through the glass and the other by light reflected. In 
this w^ the two squares may be made^to coincide apparently, 
and by altering the position of the glass it can be arranged that 
the appearance is that of a single grayish-white square. 

2r 
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The eye is incapable of distinguishing between pure colours 
and mixed. It is believed that the retina is capable of trans- 
mitting to the optic nerve three primary colour sensations, viz. 
red, green, and purple. Ked and green together produce the sen- 
sation of yellow, and the waves of sodium light apparently stimulate 
both the red and the green sensations. Red, green, and purple sen- 
sations combine into white. The three ptig'iueMSy however, 

are yellow, pink, and blue, and these are employed in printing 
three-colour : a pink plate printed over a yellow plate receives 
finally an imprint in Prussian blue, the result showing all colours. 

Duration of Impressions on the Retina — Complementary 
Colours. — When an object is gazed at steadily for some time, 
so that one portion of the retina receives the same impression all 
that time, the nerves of that portion become tired. If you gaze 
steadily at some red letters for a time and then look at the 
ceiling, you will see the same letters appejir in pale green. 
The explanation of this fact is that one particular portion of the 
retina becomes tired of the sensation of red, and refuses to 
convey that sensation in full when white light is thrown on it, 
but conveys in full the rest of the white light, that is to say, the 
complementary colour, green ; so that it receives the impression 
of faint green letters where the red has been. 

Phosphorescence. — The light of phosphorus is due to 
chemical action, as in the light of a candle. But the name of 
phosphorescence is given to a class of phenomena in which 
no direct chemical action can bo found. Certain sulphides 
have the property of shining in the dark, and ‘ luminous paint ' 
is made from calcium sulphide. Its brightness disappears after 
it has been kept away from other light for some time, and it 
then needs to be exposed to light again to renew its luminosity. 
Light, falling on the surface of the paint, sets its particles in 
luminous vibration, and this vibration continues after the original 
source of the light is removed. 

Fluorescence. — Her^hel discovered that when the spectrum 
(p. 542) was allowed to fall on turmeric paper, the band of 
colour was lengthened at the blue end. It has been said that 
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there are radiations of lesser wave-length than the violet, which 
are invisible, but which have a powerful chemical action. It 
appears, then, that these radiations, after falling on turmeric 
paper and certain other substances, such as sulphate M quinine, 
^ are converted into visible rays. Professor Stokes has explained 
this class of phenomena as being of the same nature as phos- 
phorescence. The particles of the turmeric paper are agitated 
by the ether vibrations, and in turn start new vibrations in the 
ether; but these new vibrations have always a greater wave 
length than those which were the original cause of disturbance. 
When those are removed the action ceases more quickly than in 
the case of phosphorescence, but the two phenomena arc closely 
related. The Eontgen rays provide a notable example of fluor- 
escence. These rays (which may differ from light as a sudden 
noise differs from a musical tone) cause fluorescence in various 
substances, in platinocyanide of barium among others. The 
Rirntgen shadows thrown by bones, etc., on a fluorescent screen 
become visible as ordinary shadows. 

Heating Effect of Light Rays. — When sunlight falls on 
matter which is not transparent, the vibrations of the ether are 
in some unknowni way transferred to the matter, which becomes 
hotter. Light passes through a perfectly transparent substance 
without heating it. A burning glass made of ice can be used 
without the ice melting. But so soon as the radiations meet 
with an obstruction, they impart some of their energy to the 
obstructing matter. Some substances allow rays of some wave 
lengths to pass through, and not others. Thus rock-salt is 
diathemanmis, that is, it allows the longer heat-waves to pass 
through it, and it is also diaphaiwus or transparent. Glass is 
transparent to light ; but it stops the non-luminous heat-rays. 
The warmth of a greenhouse is due to the fact that the sun’s 
rays of short wave length pass through the glass freely and 
warm the plants inside, while the longer waves radiated by the 
plants are stopped by the glass, in the same way that a glass fire 
screen stops the heat rays from a fire (see Radiation, Heat, 
p. 397). 



CHAPTER XIV 

Double Refraction and Poiartsation 

Iceland Spar — Nicol’s Prism — Polarised Light — Transverse Vibrations — 
Polariscope — Light F’olarised by Reflection — Tourmaline — Nature of 
the Ether. 

Double Refraction. — When a liquid of definite chemical com- 
position' becomes solid, e.g. when a mass of molten metal cools, 
or when a strong solution of a salt is allowed to stand, the 
particles usually arrange themselves in patterns, the nature of tfie 
pattern depending on the shape of the ultimate molecules of the 
substance. These patterns arc called crystals, and have certain 
directions in them about which they are symmetrical. Thus rock- 
salt crystallises in cubes, and therefore has three directions or 
axes of symmetry at right angles to one another. The substance 
of which limestone is chiefly composed, calcium carbonate, 
crystallises in two distinct forms. One of these is called calcite, 
and is found in large quantities in Iceland, whence it gets its 
name of Icehnd It splits or cleaves very easily and per- 

fectly in three directions, not at right angles, and so a rhomhy not 
a cube,, of calcite can easily be obtjiined of a shape shown in 
Fig. 122. At two opposite corners of this rhomb, the three 
angles formed by the edges will be found to be all obtuse and 
equal, while at the other six corners two of the angles are acute 
and the other obtuse. Take one of the obtuse-angled corners and 
hold a pencil so that it makes equal^^angles with all three edges. 
The direction of the pencil is one of symmetry in the crystal, and, 
for a reason to be given, is called the optic axis of the crystal. 
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It should be noted particularly that the optic axis does not 
pass through any fixed point in the crystal, but is merely a 


\ 



\ 

\ 

\ 

FiK. 122.— Rhomb of Iceland spar, sliovving direcliou of optic axis. 

direction; we may in fact regard each point in the crystal as 



Fig. 123.— Double refraction. 

having an optic axis of its own, all these optic axes being pirailel 
to tho one fixed direction in the crystal. 
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If a sheet of paper be seen through a rhomb of Iceland spar 
any writing on it will appear to be doubled, while if the spar be 
turned round, one of the images of the writing will turn round 
the other, which remains fixed (Fig. 123). This shows that a 
ray of light passing through this crystal takes two different 
paths. In one of these paths part of it follows the ordinary, 
law of refraction, and is called the ordinary ray. The other part 
of it is called the extraordirumj ray, this not only has a different 
index of refraction, but moves round when the crystal is turned 
round, so as always to keep in the same plane with the optic 
axis and the ordinary ray. In a plate of Iceland spar cut (not 
split) in a direction perpendicular to the optic axis, the double 
refraction is no longer apparent. 

Nicol’s Prism. — We now proceed to consider a plan of 
separating one of the rays (ordinary or extraordinary) from 
the other and examining it by itself. Nicol’s 
prism consists of two wedges of Iceland spar 
cemented together with Canada balsam. The 
refractive index of Canada balsam is 1*55, 
lying between the twT) refractive indices, 
ordinary and extraordinary, of Iceland spar, 
which are respectively 1*66 and 1*49. Fig. 
124 show^s a ray of light falling olffiquely 
at P on a Nicol’s inism, and separated into 
the two rays PO and PE. The ordinary ray 
PO is incident on the dividing layer AB of 
Canada balsam at an angle greater than the 
critical angle (sec p. 533), and so is totally 
reflected and does not get through at all. 
The extraordinary ray PE with a refiactive 
index less than that of Canada T)alsam passes 
on and emerges at P'. 

Polarised Light. — If the light that has passed through a 
NicoPs prism be examined with a block of Iceland spar, it will 
be found to differ from ordinary light. Suppose that a Small 
spot on a piece of white paper is being examined through a 
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Nicors prism (called for short ‘ Nicol ’). Only one spot is seen, 
because only the extraordinary ray comes through. Now hold 
a rhomb of Iceland spar al)ovc the Nicol and in general two 
spots are seen ; these are of unequal intensity, and as Jihe 
rhomb is turned round the intensity alters and at every quarter- 
turn one of the spots vanishes. Instcfid of the rhomb of spar use 
a second Nicol. When this is held similarly to the first Nicol, the 
spot is seen unaltered ; but if the second Nicol be turned round, 
the light diminishes until a quai'ter-turn has l)ocn made, and 
then no light comes through at all, and these changes are 
repeated at every (piarter-turn. If an arrangement be made by 
which only the ordinary ray is allowed to come through a block 



of Iceland spar, and this ray be examined by a second block of 
spar or a Nicol, the light is found to have the same properties 
as the extraordinary ray. Light that has ’passed through a 
Nicol’s prism, or some such arrangement for separating the 
ordinary and extraordinary rays, is said to be polarised. 

Transverse Vibrations — What is Polarisation? — Imagine 
a flat fish approaching a net, the meshes of which only run up 
and down, not across. The fish will be stopped by the net 
unless he turn himself on his side, when he will slip between 
the meshes without difficulty. This case bears some analogy 
to that of light polarised by one Nicol falling on a second Nicol. 
A better analogy may be found in the following experiment. 
Tie a rope to a post, pass it between upright posts or stumps as in 
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Fig. 125, then jerk the end of it. The waves that pass along the 
rope will not be stopped. If on the other hand the rope pass 
between horizontal railings the oscillations will be stopped, as in 
Fig. 126. 

The only inference we can draw from the experiment of the 
crossed Nicols is that the vibrations of light are transverse to the 
direction of motion (see Wave Motion, p. 435). In ordinary 
light the ‘ether particles* are not confined to any particular 
direction of vibration, but in a block of Iceland spar the vibra- 
tions are resolved into two at right angles to one another. 

The optic axis of the crystal is a direction of symmetry, and 
the optical properties along the optic axis are diflferent from those 



at right angles to it. A wave of light entering Iceland spar 
becomes two waves, in one of which the vibrations are perpendic- 
ular to the optic axis, and this wave will always travel through 
the crystal with the same speed in all directions. This is the 
ordinary ray. The vibrations of the other wave will be in the 
same plane as the optic axis. They may be at right angles to 
it, in which case the wave travels at the same pace as the 
ordinary wave. This is the case of light falling on a plate 
of Iceland spar cut perpendicular to the optic axis. Both wavea 
vibrate perpendicular to the optic axis, and therefore travel at 
the same pace, so that no double refraction is seen. Now take a 
plate of Iceland spar cut parallel to the optic axis, whose direction 
is shown by the dotted line in Fig. 127. A wave of light 
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falling directly on this plate at the point A is resolved into two 
waves, one oJ which is caused by vibrations in the direction AO, 
along the optic axis, and the other 
by vibrations in the direction AP at 
right angles to AO. (Both AO and 
AP are at right angles to the direc- 
tion of the light.) Now the elasticity 
of the vibrating medium, the ether, is 
supposed to be greater along the optic 
axis than at right angles to it. Con- 
sequently the first wave travels through 
the crystal more quickly than the second wave. Hence there are 
two refractive indices, the extraordinary being less than the or- 
dinary. It seems then 
that the wave surface of 
light in Iceland spar (see 
Wave Motion, p. 440) 
is double, spherical for 
the ordinary ray and 
spheroidal for the ex- 
traordinary (Fig. 128). 
Along the optic axis, 
where the two velocities 
are the same, the two 
wave surfaces touch each 

Fig. 128. — Wave surface in Iceland Kj>ar. Other. 

Polariscope — Inter- 
ference of Polarised Light. — It has been stated that when 
light through one Nicol falls on another Nicol turned at right 
angles to the first, it is all cut off. But if a thin plate of 
crystal cut parallel to the optic axis be placed between the two 
Nicols, beautiful coloured rings appear. This is because the 
polarised light is resolved into two waves by the plate of crystal. 
These waves can partly get through the second Nicol, and having 
different velocities they are unequally retarded by the plate of 
crystal, and so by their interference give the coloured rings. 




Fig. 127. — Plate of Iceland spar 
cut parallel to optic axis. 
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Thus in Fig. 129 a wave of light, caused to vibrate in the 
direction NS by the first Nicol, falls on the plate of crystal and 
becomes two waves, one vibrating in the direction AA' and the 

other in the direction BB'. These 
weaves falling on the second Nicol 
both become waves vibrating in the 
direction EW, and these waves in- 
terfere with one another, giving 
the beautiful coloured rings of the 
polariscopc. 

Some crystals have three direc- 
tions, in which their optical pro- 
perties are different. This gives us 
three indices of refraction, and the 
wave surface becomes very com- 
plicated. In this complex wave surface there arc two directions 
along which the light will give interference phenomena, and 
these are called the optic axes. Such a crystal is called biaxal, 
while crystals like Iceland spar and quartz .u-e called uniaxal. 

Light Polarised by Reflection. — Malus, a French savant, 
discovered, while examining the light reflected from the windows 
of the Luxembourg palace with a rhomb of Iceland spar, that 
one of the two images 
vanished when the spar 
was turned round to one 
particular position. This 
accident meant the dis- 
covery that light can be 
polarised by reflection. 

When light falls on a 
smooth surface of some 
transparent substance, 
the reflected ray is always 
more or less polarised, 
the amount of polarisation depending on the angle of incidence. 
Brewster found that polarisation was complete when the reflected 



Fig. 180.— Light polarised by reflection. 
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ray was at right angles to the refracted ray (Fig 1 30). A glass re- 
flector can thus be used in a polariscope instead of Nicol’s prism. 

Tourmaline. — The mineral tourmaline (which is a mixture 
of alumino-horo-silicates of various metals) is like Iceland spar in 
that it separates light into two rays, but to one of these rays it 
ofters much more obstruction than to the other. In some varieties 
the ordinary ray is almost entirely stopped. Two plates of 
tourmaline can therefore be made into a simple form of polari- 
scope called the tourmaline i)incette (Fig. 131). The first plate 
acts as polariser and the second as analyser, the crystal to be 
examined being placed })e tween the two tourmalines. 



Fig. ISI.—Tounnalino j)iiiccttp. 

Nature of the Ether. — To be capable of transmitting 
transverse vibrations, a sul)stancc must have a cei tain amount of 
elasticity of shape, that is, a tendency to return to its former 
shape after displacement. A liquid possesses this at its surface 
only. A gas does not possess it at all. A substance like blanc- 
mange possesses it, and all solids have it more or less. We 
might therefore suppose the ether to have some of the nature 
and properties of a solid, while it fills all space and is perfectly 
imperceptible to any of our senses. Tliis “ elastic solid ” theory 
has served its purpose and is still useful ; similarly the atomic 
theory is as useful as ever, though the word “ atom ” may be a 
misnomer. But no theory of the structure of ether and matter 
can be final. While with Newton and other giants the student 
of light gathers a few pebbles by the shore of the boundless 
ocean of knowledge, he may with advantage remember the 
instability of the castles that he builds in the sand. 
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PREFATORY NOTE 

The chapters on Magnetism have had the great advantage of 
attention from the late Lord Kelvin. He most kindly went through 
them carefully with Mr. J. E. P. Aldous during his voyage in the 
Campania in 1897 to attend a meeting of the British Association. 
He made a few alterations and suggestions, and he most en- 
couragingly spoke of the chapters as being very satisfactory. 

In deference to Lord Kelvin’s strongly expressed opinion, 
the nomenclature ‘ red pole ’ and ‘ l)lue pole ’ has been followed 
to a great extent, certainly greater than the author had contem- 
plated. These terms are of gi*eat value to seamen, as avoiding 
all possibility of confusion. 

In the more theoretical part, the ‘ N. pole ’ and ‘ S. pole ’ 
notation is retained as consonant with modern practice. 

The warm thanks of the author are tendered to his colleague. 
Professor A. P. Chattock, for his invaluable advice and criticism 
on several obscure points ; and to Miss Alice Worsley, for the 
assistance given in reading proofs and in preparing photographs 
of apparatus. 

The author has for technical information made free use of 
Messrs. Slingo and Brooker’s Electrical Engineering^ and Preece 
and Sivewright’s Telegraphy: he feels also that he must be 
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indebted, perhaps unconsciously, to Professor Silvanus Thompson's 
Electricity and Magnetism^ as it was from that book that his first 
non-mathematical ideas of the subject were derived, v 

By the kindness of the author, the editor has been billowed, 
in the editions of 1907 and after, to make many additions and 
changes in the matter dealing with Telegraphy, Telephonjj 
Dynamos and Electric Motors on his own responsibility. 

The British Westinghouse Electric and Manufacturing Com- 
pany have kindly lent photographs of some of their standard 
design of modern electrical machinery, from which woodcuts 
have been produced. 



MAGNETISM 

CHAPTER I 
Magnets 

Lodestone — Artificial Magnets — Directive Couple — Magnetic Attraction 
and Repulsion — Magnetic Substances — Attraction through Bodies — 
Magnetic Induction — Soft and Hard Iron — Eflect of Vibration — Time- 
lag — Effect of Temperature — Induced Polarity — Making a Magnet 
— Magnet Magnetised Throughout— Molecular Theories of Magnetism 
— Armatures. 

1 Lodestone« — In several parts of the world an iron ore is 

found in the form of irregular stones which have the power of 
attracting to them and supporting small pieces of iron or steel. 
This ore was known to the early Greeks and called by them 
fmyvrj^ (magnes), having been first found near Magnesia in Lydia. 
It is a compound of Iron and Oxygen These stones are 

lodestones or natural magnets ; ordinary specimens are only 
capable of lifting a few grains, but some very powerful lodestones 
have been found. It is said that Sir Isaac Newton possessed 
one mounted in a ring, which weighed only 3 grains, but could 
lift more than 3 ounces ; a magnificent specimen in the Edin- 
burgh University supports 200 lbs. 

The power of attracting in this manner is called Magnetism, 

2 Artificial Magnets are pieces of hard steel which have been 
rubbed with a lodestone or with another artificial magnet, or 
magnetised electrically as described in § 23. They are usually 

2 s 
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in the form of a horse-shoe, a bar, or a so-called ‘needle* 
(Fig. 2). 

3 If a magnet be dipped into iron filings (Fig. 1) the filings 
arrange themselves in thick clusters round the edges and ends 
of the magnet, leaving the middle portions quite free; this shows 

that the attracting force 
is greatest near the ends 
and prominent parts, 
and practically nothing 
near the middle. Hence 
the ends of a magnet 
are termed ‘ poles.* This 
falling off of the force 
near the middle is 
further illustrated by 
Fig. 7, in which the 
dotted curve shows the lengths of small soft iron rods that can 
be supported at various points along a bar magnet : four such 
rods are shown hanging from the magnet. 

^ Now if any magnet be supported so that it can turn hori- 
zontally with ease, we find that it persistently sets itself so 
as to point with one end towards the North and the other 
end towards the South. Moreover, if we mark that end which 
points towards the North in one trial, we find that the same 
end points towards the North in any subsequent trial. Thus 
not only do the ends of a magnet differ from its middle but 
they differ from each other, 

b There are several different ways of showing that a free 
magnet points North and South. 

1. Magnetic Needle , — This is a light flat piece of steel shaped 
as in Fig. 2. It should be fitted at the middle with a small cap 
having a centre of glass, agate, or some hard jewel, so that it 
can turn easily when placed on a hard upright sharp pivot. It is 
magnetised {i.e, made into a magnet) artificially, and when free 
to turn will set itself approximately North and South. 

2, Suspended Magnet . — A lodestone, a bar- magnet, or a 



Fiir. 1.— L<xl«.stone M-ith tilings. 
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magnetised knitting needle when suspended in a wire or paper 
stirrup by means of a thread, as in Fig. 3, will set themselves 
N. and S.; or — 

3. Floating Needle . — Such magnets may be laid on a flat cprk 



2. — ^Magnetic needle, 

and floated on water, they will then turn and set themselves 
North and South. 

Common sewing needles will float if laid gently on water, 
being too light to break through the 
surface, and if previously magnetised 
they show this ‘ set of the needle ’ well. 

6 The end which points towards the 
North is called the ‘N. pole’ of the 
magnet. It is often called the ‘North- 
seeking Pole,’ ‘ the Marked End ’ or the 
‘Red Pole,’ since most magnets have the pig. 3 . -Bar .na«i>et i.. stirrup. 
North-seeking pole indicated ^by a file 

mark or by being coloured red. The practice of colouring 
the N.-seeking pole red and the S. -seeking pole blue was intro- 
duced by the late Astronomer-Royal Sir G. Airy, and is approved 
by Lord Kelvin ; Lord Kelvin has also called the N.-seeking 
pole a ‘ True South Pole,’ for reasons which will be explained 
later (see § 37). 

7 Directive Couple. — In the experiments with the floating 
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needles or magnets just described, it must be particularly 
noticed that there is no tendency whatever for a magnet to move 
bodily towards the North or in any other direction, hence there 
is singlo resultant force acting on it. The magnet merely 
'tends to turn, hence its red pole must be urged towards the North, 
and its blue pole towards the South with equal and opposite 
forces. These forces constitute a couple, which may be called 
the ‘Earth’s directive couple,* upon the needle; the directive 
couple is zero when the needle lies magnetic North and South, 
and is greatest when it lies magnetic East and West. 

8 Magnetic Attraction and Repulsion. — We have seen that 
either pole of a bar magnet is able to pull or attract towards it 
any movable piece — say a small rod — of unmagnetised iron or 
steel. Now Newton’s Third Law states that ‘to every action 
there is an equal and opposite reaction ’ ; hence when an iron or 
steel rod is brought near to either pole of a movable bar-magnet 
(suspended in a stirrup as in Fig. 3) we should exi)ect that 
pole to be attracted by the rod ; and since the rod is not 
magnetised, either end or even the middle of the rod should attract 
the magnet equally well. We find on experimenting that the con- 
jecture is true, a magnetic needle can be made to spin rapidly 
by leading either pole with a piece of iron ; and a magnet will 
cling to iron just as forcibly as iron will cling to a magnet. 

9 If, however, instead of a piece of unmagnetised iron we pre- 
sent the red ix)le of a nmgnet to a magnetic needle, the blue pole 
of the needle is attracted and the red pole of the needle repelled. 

And if we present the blue pole of the magnet to a magnetic 
needle the red pole of the needle is attracted and the blue pole 

repelled. Rule — Like poles repel. 

Unlike poles attract. 

10 In the above experiments we cannot repel the red pole with- 
out at the same time causing the blue pole to approach ; hence 
it is occasionally objected that there is no real repulsion of the 
red pole but merely an attraction of the blue pole. 

The following experiment shows that there is a real repulsion. 
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A bar magnet is slung as in Fig. 4 by means of two V strings so that 
it cannot turn. A scale is fixed to a stand close behind the magnet. 
If now the red pole of another magnet be slowly brought near to 
the red pole, the suspended magnet can be repelled through two 
or three inches. 

When the magnet is brought near to the suspended magnet, 
the m^netism of each is weakened — indeed the poles of one of 
them may be reversed if the approach be too close, we should then 



Fig. 4.>-Maguetic repulsion. 


get attraction instead of repulsion. Hence in this experiment we 
must take care to bring up our magnet to" the suspended one 
Very slowly. When the blue pole of one magnet is presented to 
the red pole of the other, the magnetism of each js increased, 
hence there is in this case no need of caution, and the suspended 
magnet can be attracted through a great distance. 

1 1 Magnetic Substances. — Iron and steel are the only substances 

attracted by magnets with any considerable force. No other 
substances, except nickel and cobalt, are magnetic to any readily 
appreciable extent. An electromagnet which can lift 14 lbs. of 
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iron cannot lift one grain of copper, silver, gold, etc. Such 
substances can therefore be fairly called non-magnetic. Nickel 
and cobalt are attracted much less than iron, but still somewhat 
str6ngly. Faraday, who experimented with very powerful 
electromagnets, found that almost all substances are acted on to 
some extent by magnets. Some substances, which are feebly 
repelled, he called Biamagnetic, while those which are attracted 
he called Paramagnetic. 

Diamaonktic. 
liisiTlUtll 
Phospliorus 
Antimony 

Manganese, etc. etc. i Zinc, etc. etc. 


PARAMAONETIC. 

Iron 

Nickel 

Cobalt 


12 


Attraction through Bodies. — The attraction or repulsion 
of a magnet is not ahected by any non-magnetic bodies placed 

between it and the iron or 



Fig. 5.— Magnetic attraction unaffected by glass. 


steel which it is attracting ; 
thus, a board, a brick, or a 
pane of glass intervening will 
liave no efiect. Fig. 5 shows 
a magnet attracting an iron 
rod in a glass beaker; the 
attraction holds up both 
beaker and rod. A know- 
ledge of this fact will show 
the absurdity of some adver- 
tisements of magnetic belts 
etc. which ‘will send a current 


of magnetism through deal boards an inch thick ’ ; for any scrap* 
of magnetised steel inserted in the belt would act through such 
boards. 


13 In conducting experiments it is difficult to prevent unsus- 
pected pieces of iron or steel from acting on instruments ; keys 
and knives are easily detected, but 'wire in the brim of the hat 
and similar mysteries of clotliing may be overlooked. Trouble 
may be caused in one room by a charwoman caiTying iron buckets 
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in another room, or by bicycles in a neighbouring playground ; 
the steamers on the Thames even affect the instruments in the 
laboratories of King’s College. 

14 Magnetic Induction. — A piece of iron or steal placed^ in 
contact with or even brought near to a magnet becomes itself a 
magnet. An ordinary piece of soft iron ceases to be a magnet 
immediately on removal, so indeed does hard iron or steel if its 
magnetisation has been very feeble ; but liard iron and steel, 
after being at all strongly magnetised, retain their magnetism 
on removal. 

15 Soft Iron and Hard Iron. — In the last paragraph we have 
pointed out a difference in the magnetic behaviour of soft iron 
and hard iron, but have not stated in what the softness or hard- 
ness consists. The distinction originally implied merely the 
mechanical quality that a soft iron can bo easily filed, while a 
hard iron or steel can only be filed with difiiculty; this 
mechanical softness is usually accompanied by the quality of 
becoming magnetised easily and of being demagnetised easily, 
and the mechanical hardness by difiiculty of magnetisation and 
difficulty of demagnetisation. 

It is well known that the mechanical qualities of iron and 
steel depend in a complex manner, not only on their chemical 
composition, that is on the percentage of carbon and other sub- 
stances which they contain, but also upon the processes of 
hardening, tempering, and annealing, and also upon the strains 
which they have undergone. The magnetic qualities also depend 
in a complex manner on these conditions. 

16 Until recently it has been supposed that soft iron acquires 
its magnetism immediately on the application of any magnetis- 
ing force and loses it instantaneously on the removal of the 
force; however, the numerous experiments of Ewing, Hopkin- 
son and Lord Eayleigh during the last few years have proved 
clearly that the magnetism of soft iron, especially of thick 
pieces, takes several minutes to rise to its full value, and further 
that when there is complete absence of vibration and when no 
demagnetising forces come into play, then soft iron retains a 
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high percentage of its magnetism, far more in fact than hard 
iron or steel. The following reasons account for this fact being 
so long overlooked. When a bar has been magnetised, its own 
poles, by their mutual attraction, set up a force tending to 
demagnetise the bar ; obviously this tendency is greater when 
the poles are nearer together, hence in a bar which is short 
compaired with its diameter the demagnetising force due to its 
own poles much diminishes the amount of its residiiaLmagnetism. 
In soft iron, which is demagnetised very readily, the influence 
of the ends is so ^eat that in all bars of ordinary dimensions 
no trace of residual magnetism is found, and even when the 
length equals 50 diameters the residual magnetism is only one- 
tenth of that in a very long rod. The following results are 
selected from experiments quoted by Ewing. 



Magiietioing 

Force. 

Mai?netic 

Iiuluctiou. 

Residual. 

Per 

Ceiit. 

Coercive 

Force. 

Very soft annealed iron wire 






length = 400 diameters 

17 

13,500 

11,000 

82 

1*9 

Soft annealed rod 





length =200 diameters 

17 

15,000 

10,000 

66 

1*9 

„ =100 

15 

14,500 

3,400 

23 

1*9 

,, =50 ,, 

34 

15,000 

1,000 ' 

6-G 

1*9 

Soft annealed wire 

42 

15,400 

11,400 

74 

1*9 

Same wire hardened by 
stretching . 

i 

42 

13,900 

5,000 

1 

36 

4*5 

Pianoforte steel wire annealed 

95 

14,200 

10,000 

70 

23 

Same wire glass-hard . 

98 

12,800 

9,000 

70 

45 

Soft gray cast-iron 

200 

10,000 

4,000 

40 

1 7 


17 All the numbers in this table refer to absolute C.G.S. 
measures, which are explained in Chap. III. 

The first column gives a measure of the magnetising force 
[usually derived from a solenoid carrying an electric current. 
Electricity, p. 752]; the second column gives the magnetic 
induction produced by the force; the third column gives the 
magnetic induction which remains after the magnetising force 
has been removed ; the fourth column gives the percentage of 
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induction which remains, and therefore indicates the *retentivity’ 
of the specimen experimented on ; the fifth column gives the 
magnetising force which has to be applied in the reversed 
direction in order to destroy the residual magnetism; this 
force is usually called the ‘Coercive Force ^ of the specimen, 
since it indicates the amount of coercion which has to be 
employed in order to make it give up the magnetism which it 
has acquired. 

18 Effect of Vibration. — It is important to notice the remark- 
able modification which vibration produces in the foregoing 
results: thus in annealed soft iron the slightest tapping or 
vibration suffices to entirely destroy its residual magnetism, in 
fact its retentivity under vibration is zero instead of 70 or 80 per 
cent. On the other hand, when annealed soft iron is subjected 
to a magnetising force vibration increases the magnetisation, 
thus in one experiment a magnetising force of *32 produced a 
magnetisation 20, which was, by tapping, sent up to 6600 at a 
bound. Similar results, though not so extreme, occur with hard 
iron and steel, thus with a hard unannealed piece of the wire last 
referred to, a residual magnetism 7000 fell to 2500 when the 
specimen was smartly tapped. When very powerful magnetising 
forces are employed tapping or vibration has only a slight effect. 

19 Time-lag. — To illustrate the question of the time taken before 
the full magnetisation is produced we may notice that in experi- 
ments made by Lord Rayleigh on soft iron under weak magnet- 
ising forces, the magnetisation underwent during the first five 
seconds an increase of from 30 to 50 per cent on its instantaneous 
value, and a further increase of about 20 per cent in the firsifc 
minute. In hard iron and steel time-lag is very rarely per- 
ceptible. 

20 Effect of Temperature. — If the temperature of soft iron be 
raised while it is subjected to a weak magnetising force the first 
effect is to increase the magnetisation; after passing a temperature 
of about 700° C. (1200° F.) the increase is very rapid and may 
be ten or twentyfold, then on approaching a certain ‘critical 
temperature,^ which differs in different specimens and may be 
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from 770° to 800° C., the magnetism falls off very rapidly ; and 
the whole of it is lost, while the temperature further rises 10° 
or 12°. Under moderate magnetising forces very little increase 
of magnetism is caused by a rise of temperature, and under 
powerful forces no increase occurs : but in all cases the, 
^ magnetism entirely disappears at the ‘ critical temperature.’ 

The effects of temperature on hard iron and on steel, whether 
hard or mild, are of similar character ; in general the harder the 
specimen is the lower is its critical temperature ; under moderate 
forces a rise of 500° or 600° C. increases the magnetism, and 
under high forces it decreases it. 

21 Induced Polarity. — AY hen a piece of iron or steel is brought 
near to a magnet the end which is nearest to the red pole 
becomes a blue pole ; and the end furthest from it becomes a 
red pole. 

It is as though there were two kinds of magnetism which we 
may conveniently call red and blue magnetism, the blue magnet- 
ism being attracted and heaped up in the iron at the end nearer 
to a red pole, and the red magnetism rei)clled and heaped 
up at the further end of the iron. * Since this magnetism appears 
to be ‘ induced ’ or ‘ led in ’ to the iron by the action of the 
magnet, the phenomenon is called ‘ Magnetic Induction.’ The 
wire nail shown in Fig. G is attracted by the horse-shoe magnet 
and, being held down by a thread of cotton, remains suspended 
in mid-air like Mahomet’s coffin. It is magnetised by Induction, 
and therefor® can carry the cluster of filings near its point. The 
star-shaped piece of sheet-iron in Fig. 7 touches the bar magnet, 
and being magnetised by Induction is itself able to hold a square 
of iron hanging below it ; then again the square being magnet- 
ised is able to carry the cluster of filings at its angles. So also 
the four small iron rods are magnetised, having S. poles, 5, s, in- 
duced in their upper ends near to the N. pole of the bar magnet, 
and N. poles, n, n, at their lower ends. 

22 We now see the reason for the formation of the clusters or 
bunches when a magnet is dipped into iron filings. Each in- 
dividual lling near the N. pole of a magnet becomes itself 
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magnetised by induction. It has a N. pole and a S. pole. The 



Fig. uail luaguetisocl by induction. 


latter is attracted and the former repelled, so that the filing 

tends to set itself ‘end ^ 

on’ to tlie magnet. The sjslsiijj"'' 

neighbouring particles, be- I ‘ 

ing also magnetised, are il 

acted on by each other, 

and attach themselves / J 

together, N. pole to S. ' ... 

pole, forming thread-like 

chains of filings clustered together near the poles of the magnet. 
23 Making a Magnet — Method of Rubbing. — In order to 

magnetise a steel bar, say 
a knitting needle or sewing 
A B needle, mark with a file or 

otherwise the end A which 

Fig. 8.-Magneti8iug a knitting needle. 

Lay the needle on a table ; take a bar J^or horse-shod) magnet ; 
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place its N. pole on A, and pressing gently draw it several 
times from A to B, always in the same direction ; then place 
the S. pole on B and draw it several times from B to A: 
tlie alternate rubbing with N. and S. pole may be repeated 
several times, but care must be taken with each pole to move* 

in the proper direction for 
it, and also to move from 
extreme end to end of the 
needle at each stroke. 

Method by Hammer- 
ing. — Lay the steel bar 
which is to be magnetised 
with one end on the N. 
pole of a magnet and the 
other end on the S. pole of 
another magnet, then strike 
the bar repeatedly with a 
mallet. Or better still, lay 
it across the poles of a powerful electromagnet (Fig. 9) and strike 
as before. In this case the bar must be just long enough to 
bridge the poles of the electromagnet. 

25 Magnet Magnetised Throughout. If a magnetised knitting 
needle be broken at its middle point each half is found to be 



Fij?. 10.— Majjnetised iwedle broken up. 


a magnet The ends which were N. and S. poles befote breaking 
remain N. and S.; while the broken ends become N. and S, 
poles alternately, as in Fig. 10. 

The half needles may be again broken into equal or unequal 
pieces, and these again and again broken, the fragments always 



Fig. y.— Magnetising by electromagnet. 
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act as magnets, however small they piay be. The poles of very 
short pieces of the needle appear weaker than the original poles : 
this is chiefly because the poles are so near together that the re- 
pulsion of one pole nearly equals the attraction of the other pole, 
and therefore nearly counteracts it. 

26 Hence a magnet may be thought of as built up of an immense 
number of particles, each having a N. and a S. pole : in the body 
of the magnet the N. pole of one particle being in contact with the 
S. pole of the next particle neutralises 
it ; but the unneutralised poles at the 
ends form the poles of the magnet. 

The diagram (Fig. 11) is intended to 
illustrate this internal structure. 

27 Molecular Theories of Magnetism. — Weber suggested that 
in iron or steel the individual molecules are minute magnets 
each with a N. pole and a S. pole : if the iron be unmagnetised 
the molecules are arranged at random, so that, there being on 
the average equal numbers of molecules facing in all directions, 
the iron as a whole does not behave as a magnet. When the 
iron is subjected to a magnetising force the molecules are twisted 
round more or less, so that a large number face in the same or 
nearly the same direction, the iron then behaves as a magnet. 

28 If this theory be correct it is clear that when all the particles 
are set ^exactly in the proper direction it is impossible to 
magnetise the iron more strongly, which had been discovered 
experimentally by Joule to bo the case. When powerful 
electromagnets are employed to magnetise a body a limit to the 
magnetisation is soon reached; the body is then said to be 
‘ saturated ’ with magnetism. 

29 Ewing has modified Weber’s theory so as to make it conform 
more closely with the facts. He supposes that, instead of the 
molecules being arranged quite at random, they are linked 
together in groups of two or more molecules, the molecules of 
each group beiiig held together bythe attraction and repulsion 
of their N. and S. poles. A possible stable arrangement of a 
square group of four molecules is represented in Fig. 12 by the 



Fig. 11.— Structure of inagiipt. 
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arrows in position I. The application of a moderate magnetising 
force from left to right, indicated by the two-barbed arrow, will 
deflect each molecule somewhat as in position II without breaking 
the tie which holds each pair of poles together ; if after such a 
deflection the magnetising force be removed the molecules will 
fly back to position 1. The application of a powerful magnetising 
force indicated by the treble-barbed arrow, will, however, break 
up the arrangement of the group and twist the molecules into a 



Position I. 




Position li. 

12.— Iniaginarj' jcronpin^ of molecules. 



new position (III), in which- new ties are formed between the 
poles ; this position is a stable one, and will persist after the 
removal of the magnetising force. 

30 We cannot enter into a complete explanation of the theory, 
but may point out that the broad distinction between soft iron 
and hard is probably due to the arrangement of the molecules 
in a group being such that the attractive bonds which hold the 
group together are weaker in soft iron than in hard iron ; and 
that, when new groupings or arrangements of molecules are made 
by the specimen being magnetised, the new bonds formed are 
also weak in soft iron and stronger in hard iron. It is also 
easy to see that any vibration which causes the molecules to 
oscillate must assist the magnetising force to break up old 
groupings, and so to promote magnetisation ; conversely, when 
the magnetising force is removed vibration must tend to break 
up the new groupings, and in soft iron, where the attractive 
bonds are weak, the slightest vibration suffices to break up all 
the groups. 

31 ' Armatures. — ^ Permanent ’ magnets become gradually weaker 
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in course of time if left to themselves, owing to accidental 
jarrings and vibrations to which they must inevitably be 
subjected unless extreme 
precautions be taken to 
prevent it. This may 
be partially prevented in 
horse - shoe magnets by 
keeping a piece of soft 
iron, called an Armature, 
always across the poles, 
and in bar -magnets by 
keeping them in pairs with poles reversed and a soft iron arma- 
ture across each pair of poles (Fig. 13). The armatures are 
magnetised by Induction, and the particles both in the bars and 
the armatures, having each a N. pole close to the S. pole of 
a neighbouring particle, form continuous chains tending to hold 
one another in position. 



Fig. 13. — Pair of bar inagn<'ts with armatures. 


CHAPTER II 
Terrestkial Magnetism 

'Magnetic Meridian — Variation — Inclination or Dip — Secular Changes — 
Other Changes — The Earth as a Magnet — Earth’s Induction — Mariner’s 
Compass — Deviation of the Compass — Thomson Standard Compass. 

32 Magnetic Meridian. — Referring to § 4, we now remark that the 
direction in which a magnet points varies more or less from the 
true North and South in different parts of the world. The 
direction in which the red pole actually points (when undis- 
turbed by magnets or iron near to it) is called Magnetic Norths 
and the vertical plane passing through magnetic north is called 
the plane of the Magnetic Meridian, just as the vertical plane 
passing through the true North is called the plane of the True 
Meridian. 

33 Variation. — The angle at any place between the true and 
the magnetic meridian is called the Magnetic Declination (in 
navigation and all nautical matters it is called the Variation 
of the Compass). The variation differs from place to place, and 
may be to the East or to the West; thus, in 1896, in London 
it was about 16°45' W., at Plymouth about 18S30' W., at New 
York 7° W., at Vancouver 20° E. 

There is a line4)f No Variation passing over Hudson’s Bay and 
to the East of S. America ; one over Lapland, Persia, and Australia, 
and the/ Siberian Oval ’ Lat 15° to 68° N. : Long. 108° to 1 68° E 

34 Inclination or Dip. — ^It was noticed by one of the early 
in||rument makers, Norman, that though an ordinary compass 
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needle was perfectly balanced before being magnetised its red pole 
always showed a tendency to dip downwards after magnetisation. 
This is best shown by suspending a needle so that it can turn in 
the magnetic meridian about a liorizontal axis. The lieedle mijst 



Fi{r. 14. -Pippinj; needle. 


be%ery carefully balanced so that it will rest in equilibrium in 
all positions ; it is then magnetised, and the red pole is found in 
England to dip downwards about 70°. As a rule, in the 
Northern Hemisphere the red pole dips downward, and in the 
Southern the blue pole dips. Near the equator there can be traced 
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round the earth a line, at all points of which there is no dip ; it is 
called the Magnetk Eqmt(yi\ There is both at the north and south 
a Magnetic pole, where the magnetic needle stands vertical. The 
North Magnetic pole was reached by Sir James Koss (1830) in 
Lat. 70"^ N., Long. 96° 43' W. The latest results, those of Koald 
Amundsen, are eagerly awaited. At the South Magnetic pole the 
needle has its blue pole downwards. This is stated to have been 
reached by Captain Scott’s Discovery expedition in Lat. 72° 5' S., 
Long. 156° 25' K, and by the Nimrod expedition in Lat. 72° 25' S., 
Long. 155° 16' E. The angle through which the needle dips is 
called the Magnetic Inclination, or Dip of the Compass. The 
instrument for measuring it is the Inclination Compass, Dipping 
Needle, or Dip Circle. A simple form of it is shown in Fig. 14. 
both variation and dip. The following is a record of the variation 
and dip in London : — 



Vuriati'Mi. 

Inclination. 


V'uriaUon. 

Inclination. 

1.580 

in 7' E. 

7rr>2' 

■ 

1815 

24 '29' Max. 


1631 

re' E. 


1828 

24°10' 

GO'S' 

1600 

I 0 


1868 i 

20"83' 

(;8"2' 

1705 

10“ w. 


1880 i 

i 18“40' 

67"40' 

1720 

18“ W. 

7l°42' Max. 

1900 1 

1 16‘'29' 

r)7"9' 

1800 j 

24“6' W. 1 

70"3r.' 

1910 

15^42' 

66^52' 


These changes arc called ‘ secular ’ (socculum, an age, century), 
because they take many years to run through any great range. 

36 Other Changes. — There are very slight but regular daily 
changes in both variation and dip. The needle turns through 
about 10', the movement of the red pole being towards the West 
from about 7 A.M. to 1 p.m., and thence back to the normal 
position at 10 P.M., which is maintained through the night. 

Also a regular yearly movement is observed, which, like f!he 
former, is probably due to the influence of the sun and moon. 

Further, there are occasional erratic movements of the 
needle, which, although very minute, are observed simultaneously 
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ov^r wide areas. They are known as Magnetic Storms — a name 
which possibly suggests to the uninitiated the idea of a violent 
disturbance, though the effects arc so mild as only to attcct, 
by means of ‘ earth currents,* the delicate instrumen4;s used pn 
long telegraph lines. 

3^ The Earth as a Magnet. — The behaviour of a magnet needle 
which has been described w^ould be accounted for by considering 


the earth as a gigantic magnet, as 
was first pointed out by Gilbert, 
one of the physicians to Queen 
Elizabeth. Since unlike poles 
attract, there must be a blue pole 
deep seated below the North Mag- 
netic pole of the earth, and a red 
pole below the South Magnetic 
pole. 

It is this fact which has given 
rise to difficulty and some confusion 
in the names given to poles. If 
that end of the needle which 



South Poll 


Fig. ir*.— linagiiwiry lUiignei in uarth. 


points to the North be called a N. pole, we must call the 
North Magnetic pole of the earth a S. pole ; if, on the other 
hand, we call that magnetic pole of the earth which is at the 
North a N. pole, then the North -seeking end of the needle 
must be called a S. pole. This confusion is referred to in 
§ 6, and the advantage of the convention of ‘blue* and ‘red’ 
poles can now be seen. The magnetic pole of the earth, which 
is at the North, is a ‘ blue * pole. 

We rmiy 2 )idm'e to ourselves an irregular iron core like a lode- 
stone in the earth, as in Fig. 15. The picture is, of course, not 
correct, but is useful in helping the mind to connect together a 
number of independent facts. It is possible that the effects are 
in part produced by electric currents circulating within the earth. 

38 Earth’s Induction. — Since the earth behaves like an im- 


mense magnet, all bodies made of iron or steel, which are near 
to it, are magnetised by induction. As in previous instances, the 
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induction is greater, especially in the case of steel, if the bodies 
are subjected to hammering or violent treatment ; it is greatest 
in the case of elongated bodies placed in the magnetic meridian 
and pointing downwards in the direction of the dip. 

Thus, hammer heads and pokers are almost invariably found 
to be magnetised ; they are not, as a rule, powerful enough to 

pick up filings, but their 
poles are very decided, and 
can easily be detected by 
their action on a common 
pocket compass. 

Vertical columns and 
struts, steel masts, etc., will 
have (in the Northern Hemisphere) a red pole at their lower 
end and a blue pole at their upper end. 

Horizontal beams and girders become -magnetised with a red 
pole at their more northerly end. In a ship steaming north the 
propeller shaft will have a red pole forward and a blue polo aft. 

Mariner’s Compass. — This, in its simplest form, consists of 
a magnet needle fastened underneath a circular card ; the top of 




Pig. 17.— Mariner’s coinpass. 

the card is marked out by star-like radii into thirty-two divisions 
called the ‘ points of the compass ' ; one of these is marked N., 
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and comes immediately over the north - seeking i)ole of the 
needle, it therefore indicates magnetic North. The circum- 
ference of the card is usually also marked out into degrees — 
90° easterly and westerly both from N. and from S. 

The needle and card are supported by a central agate 'cap on a 
sharp pivot, which is fixed at the centre of the compass box. In 
order to keep the compass horizontal, in spite of the rolling and 
pitching of the ship, the box is supported on ‘gimbals' (Fig. 17), 
thfit is, the box is pivoted to turn on one axis ah within a ring, 
while the ring itself can turn about an axis cd (perpendicular to 
ah) on a stand fixed to the ship. A mark — ‘ the lubber’s point ’ — 
indicates the direction of the ship’s head. The stand on which 
the compass is fixed is called the ‘binnacle.’ 

40 Deviation of the Compass. — In ships all masses of ‘soft’ 
iron, as we have seen, become magnetised by the earth’s induc- 
tion ; but their magnetism is only ‘ temporary,’ for although 
always present it chamjes when the ship changes her course, and 
heads in a new direction ; this temporary magnetism also changes 
with changes of latitude. 

41 All hard iron and steel parts of the structure, however, 
during building become more or less })erraanently magnetised by the 
vibrations duo to riveting and general hammering ; the nature 
of this magnetism depends on the position of the ship while build- 
ing. Tiie greater i)art of this gradually leaves the vessel after 
launching, but a part remains, usually called ‘ permanent 
magnetism.’ There are also changes in the shiji’s magnetism 
which take place in the course of a few weeks or months when a 
ship cruises in a new district ; the magnetism affected by these 
slow changes may be called ‘ subpermanent.’ The ship’s 
magnetism disturbs the compass, giving it a deflection, which in 
the Navy is called Deviation, but which Lord Kelvin calls the 
‘Error of the Compass.’ The Deviation is made up of two parts, 
which are of quite different character : (1) The Qiiadrantal 
Error produced by temporary magnetism of horizontal soft iron 
structures; (2) The Semicircular Error produced by the permanent 
and subpermanent magnetism, and by vertical soft iron. 



644 


MAGNETISM 


42 1. Qwtdrantal Error . — The combined effect of various hori- 

zontal masses of soft iron can be illustrated by the effect produced 
by a single large block. W e will discuss the effect produced by 



Devn. 0 



Devn. E ly Davn. 0 Dovn.Wly Devn. 0 Devn. Ely 


18. Quad ran tal error of col ijimss. 


a single large iron block lying fore and aft and placed amidships. 
In the diagrams the compass is shown further aft than this 
block. 

When the ship heads due North the iron, l^eing magnetised by 
the Earth’s Induction, has a red pole ‘ forward ’ and a blue pole 
‘4ift’; this blue pole is nearer to the compass and produces more 
effect on it than the ‘ forward red pole ’ does. It gives a direct 
pull on the N. pole of the needle, and therefore produces no 
deviation. But though in this position of the ship’s head the 
mass of soft iron produces no deviation, it nevertheless has an 
important influence on the compass ; for when the card is set 
swinging by any accidental disturbance the direct pull which 
the iron gives to the N. pole of the needle and the direct push 
which it gives to the S. pole of the needle form a ‘directive 
couple,’ which is added to that caused by the earth’s mag- 
netism, and therefore makes the needle oscillate more rapidly. 
When the ship heads East or West the iron is magnetised 
transversely, having a red pole to ‘ port ? for an easterly course 
and to ‘starboard’ for a westerly course. It pulls each pole 
of the compass with equal force, and again produces no devia- 
tion. When the ship heads South the iron has a red pole ‘ aft ’ 
and a blue pole ‘forward,’ hence this ‘aft red pole,’ being 
nearer to the compass, gives a direct pull on the S. pole of the 
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compass, and there is also no deviation, but, as before, the iron 
adds to the earjjis directive couple and causes the card to 
oscillate more quickly. Thus, on each of the cardinal points of 
the compass the error vanishes ; in the intermediate; quadrants 
it is alternately easterly and westerly, as shown in the diagram. 

43 2. Semidmdar E'tr(yi \ — The effect of the permanent and sub- 

permanent magnetism can be illustrated by considering the effect 
of a long horizontal magnetised bar lying ‘ fore and aft ’ with 
a red or N. pole towards the compass. When the ship heads 
North, there is no deviation, since the N. pole of the compass 




li).— Scunic.ircular error of compass. 

needle is repelled directly towards the central pivot, but the 
directive couple due to the bar is opposed to that due to the 
earth, and may diminish it so much as to make the card swing 
very sluggishly. When the ship heads South, the S. pole of the 
compass needle is attracted directly, and there is no deviation, 
but the directive couple acting on the compass needle is in- 
creased. 

When the ship heads East, the N. pole of compass is repelled 
and its S. pole attracted, from which there results westerly 
deviation ; conversely, when the ship heads West, there is easterly 
deviation. 

Thus the error vanishes when the ship heads North or South ; 
it is easterly for one semicircle, westerly for the other. 

44 Magnetised bars lying athwartships also produce ^micircular 
error, but this error vanishes when the ship heads East or West. 

The magnetism induced in vertical soft iron produces semi- 
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circular error, because its effect is similar to that of a magnetic 
pole, blue in the Northern hemisphere and rgd in the Southern 
hemisphere — placed at some point in the vessel, for example, at 
such a’poipt as n in Fig. 19. 

45 Heeling Error , — A further error appears when the ship heels 
over. This error is principally due to the vertical part of the 
subpermanent magnetism, and to induction in the soft iron lying 
athwartships or lying immediately below the compass : its effect 
is semicircular. If not corrected, the heeling error may be as 
much as two degrees for every degree of heel ; in the case of a 
ship beating to windward, a distant object might on one tack 
bear twenty degrees differently from what it bore on the other. 

46 Thomson Standard Compass. — The mariner’s compass, 
adopted by the Admiralty and now almost universally employed, 
is that designed by Lord Kelvin — still best known by the name 
Sir William Thomson, under which most of his greatest inventions 
were patented. The chief improvements which he introduced 
in the compass are : — 

47 1. A light paper rim instead of a heavy card, and several 
magnetised needles instead of one. 

The card has a light aluminium ring AL, of say 10 inches 



Pig. 20.— Tlionison compaHs card. 


diameter, connected by means of thirty>two silk threads to a 
central ring C, into which fits a jewelled cap (see the upper 
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part* of Fig. 20) ; this rests on a brass pivot, with an iridium 
point. The ^ poinj^s ' and degrees of azimuth are marked on a 
paper disc, which is gummed to the ring AL ; the central part 
of the disc is cut away for lightness. 

Six or eight magnetised needles arc arranged as at w, s, etc., 
in the lower part of Fig. 20, where the rim and needles are 
shown with the central ring and graduated disc removed. They 
are about as thick as No. 18 B.W.G. knitting-needles, and are 
attached to the ring ATj by silk threads / / as shown. 



Fig. ‘Jl. — 'rhoiiiHun coiiijmsK and binnacln. 


The eight small magnetised needles have a greater magnetic 
moment for their weight than a single magnetised bar. 

The card with needles complete weighs less than i oz., and 
as the weight lies chiefly in the rim it has the further advantage 
of swinging very slowly ; the ‘ period ^ is from thirty to dxty 
seconds. 

48 2. The compass card should be perfectly level. In the 

gimbals Sir Wm. Thomson introduced knife-edges instead of 
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one pair of cylindrical pivots. The ring of plaited wires in 
Fig. 21, which replaces the heavier ring ahcd of Fig. 17, is 
supported on two knife-edges in a line with the spectator, the 
compass is slung from the plaited ring by chains instead of being 
supported by the other pair of pivots. To check the tend- 
ency to swing, the compass is placed in a hemispherical brass 
bowl with a lead weight soldered to its bottom. The bowl has 
a double bottom partially filled with castor-oil, which has a great 
effect in checking vibration. The whole weight of bowl and oil 
is about 17 lbs. 

The other improvements consist in correcting the errors of 
the compass by means of bar magnets and iron balls attached 
to the binnacle. 

49 3. Two large soft iron balls are bolted firmly to the binnacle 
on a level with the compass-cjird, and counteract the quadrantal 
error due to magnetism induced in the soft iron of the ship by 
themselves producing an opposite quadrantal error, which 
vanishes when the ship heads N., E., S., or W., and which is 
westerly for N.E. and S.W. courses, and easterly for S.E. and 
N.W. courses. Their size and distance from the compass must 
of course be adjusted to suit the magnetic conditions of the ship. 

50 4. Bar magnets to correct the ‘ semicircular error ' are placed 
in long horizontal holes in the binnacle. There are two vertical 
rows of horizontal fore and aft holes inside doors at A and B, 
about 5 inches from the central line of the binnacle ; magnets 
placed in these correct the error produced by permanent and sub- 
permanent magnetism in fore and aft portions of the ship’s iron ; 
their effect can be increased by placing them in the higher holes, 
or decreased by placing them lower. Similarly inside the door 
at B there is a row of holes running athwartship for the in- 
sertion of magnets to correct the semicircular error arising from 
transverse beams and other thwartship iron. 

51 5. ‘ Heeling error ’ is corrected by a vertical magnet or group 
of vertical magnets suspended vertically under the compass card ; 
this can be raised or lowered by a chain fastened to pegs inside 
the door A. 
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52 G. The Flinders bar is a round bar of soft iron about 3 
inches in diameter, and of a length (from 6 to 24 inches) suitable 
to the particular ship. It is placed vertically outside the binnacle, 
usually on the fore side, and so cannot be seen in Fig. 21. Thi§ 
.bar counteracts the magnetism which is induced in vertical soft 
iron by the vertical com})onent of the earth’s magnetic force. 
The Flinders bar becomes temporarily a magnet with its red pole 
down or up, according as it is North or South of the magnetic 
equator. 

53 7. The Deflector is an instrument, used with Thomson’s 
compass, for adjusting it to magnetic North, when no sight of 
sun or stars or landmarks are available. 



CHAPTER III 

M A(JNKTIO M EASIIREMENT 

MeaHurement of Magnetic Strength -Magnetic Field— Intensity of Field — 
umber of Lines of Force — Measure of Magnetic Induction. 

54 Measurement of Magnetic Strength. — One magnet may be 
much more intensely magnetised than another, and consequently 
its poles more powerful. This renders it necessary to have some 
method of measuring the drength of the pole, the first step 
towards which is the selection of a unit or standard magnetic 
pole. The following standard has been ciiosen : — 

Unit pole — A unit pole (whether N. or S.) is one such that 
when placed at a distance 1 centimetre from another unit pole 
it exerts on it a force of 1 dyne^ 

A pole which exerts a force of m dynes on a unit pole 
placed at a distance 1 centimetre is said to have a strength ni. 
Coulomb, by experiments with his torsion balance, proved that 
the force exerted by one pole on another is inversely propor- 
tional to the square of the distance between them ; he further 
proved that the force is directly proportional to the product of 
the strengths of the two poles. 

Hence a pole of strength m placed r centimetres away from a 

pole of strength m exerts on it a force dynes. 

55 Magnetic Field. — The space which surrounds any magnet 
clearly differs from a space which is not near to a magnet, for in 
the one a force acts on any small magnet or piece of iron which 
may happen to be present, and in the other no force acts. For 
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this reason we call the space surrounding a magnet the field of 
the magnet, or simply a ‘ magnetic field.’ 

Anywhere near the Earth there exists a magnetic field due to 
the Earth’s magnetism, but it is very weak compared with the 
, field. of a common steel magnet. 

56 The character of a magnetic field may be very readily ex- 
amined as follows: — Lay a sheet 
of smooth paper over • a magnet, 
and then sift some fine iron filings 
through a piece of gauze so that 
they are sprinkled evenly over the 
paper, tap the paper gently, and 
you will find that the filings arrange 
themselves in a set of curved lines 
from pole to pole, and the space 
above the magnet itself is left 
almost free from filings. 

57 If, now, a small needle, well 
magnetised, and having N. pole downward, be lowered by a 
longish thread over any i)oint of the paper, the needle will be 



driven so that its point traces out one of lines marked by the 
filings (Fig. 23), and it will travel towards tlie S. pole of the 
magnet. Or if a short piece of magnetised needle be suspended 
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by a thread at its middle point it sets itself tangentially to the 
lines of force when lowered near to the paper. 

These lines, along which there is a tendency to drive a north 
magnetic pole, are called ‘ lines of force ’ ; a study of the 
lines of force belonging to any magnetic field gives very useful 
information concerning the field. 

Fig. 24 shows the field due to two magnets with opposite 
poles towards each other. 

Fig. 25 shows the field when similar poles are towards each 
other. 

A steel bar which is irregularly magnetised has, in addition 



‘24.- Line.s of force. 





2r>,— Liiie.s of force. 


to the poles at each end, irregular poles, which are called 
consequent poles. 

Intensity of Field. — The intensity of the magnetic field at 
any point is measured hy the force 

2-78 Dyne»\ ^ , 

which would act on a unit pole it 
placed at that point. 

-100^-''' " ^ ''\+ioo ^ intensity of the 

8 '0 ^ magnetic field changes as we pass 

Fig. Diagram of nuignoiic from One point to another; for ex- 

ample, consider the field due to a 
magnetised wire 10 cm. long, the strength of each pole being 
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At a point in s N produced distant 1 cm. from N (.*. 11 cm. 
from s) the intensity of the field = - ?~ = 99 (approx.) 

at 2 cm. from N „ „ =^-^“ = 24 j, 

at 5 cm. from N „ „ 3 •.’5 „ 

at 10 cm. from N „ „ <75 „ 

^At the point p, which is 8 cm. from S and 6 cm. from N, the 
force on a unit N. pole ~=^ along PS, and = y along 
NP, and since these are at right angles ; the intensity of field 


/ 1 ~1 


25^/81 -r~2~56 
]() X 9 


= 3*2 approx. 


The field of the Earth’s magnetism is practically uniform over 
moderate distances, hut, like gravity, it changes appreciably in 
distances of say 50 miles or more. At London the intensity of 
the earth’s field was *460 in 1890, its horizontal component 
being -182. 

60 Number of Lines of Force. — At any point near to a magnet 
there is a magnetic force acting in some direction or other, hence 
through every point in space a line of force can be drawn, and 
the whole space surrounding a magnet is densely packed with 
an infinite number of lines of force ; it is a few of these that are 
indicated by the filings in the above manner. Now if we start 
from any two or three points near together and follow the 
lines of force from them, we find that these lines some- 
times open out wider from each other, and sometimes close in 
towards each other ; hence, although the number of lines of 
force be infinitely great, we may speak of them as being more 
densely packed together in some places and less densely in 
others. Wherever the lines are crowded together, as for example 
near to the poles of a magnet, the magnetic force is great, and 
wherever the lines are sparse the force is slight. There is a 
convention as to lines of force in diagrams and in calculations, 
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it is usual to represent the compactness or sparseness of tho 
lines by actually drawing or counting only a finite number of 
them in proportion to the intensity of the field : thus if the 
intensity of, the field be 10, we draw ten lines passing through 
each square centimetre taken perpendicular to the lines ; whereas 
if the intensity of the field be ^ we draw but a single line for 
every seven square centimetres taken perpendicular to the lines. 

61 Measure of Magnetic Induction. — It is clear that in jDne 
sense, there can be no lines of force within the material of a 
magnet or of magnetised iron, for a solid thing such as the pole 
of another magnet cannot move within the material of the 
magnet, and we have so far considered a line of force simply as 
a line along which such a pole would be driven. Yet if we 
imagine a small cavity li()llo\ved out within a magnet, the pole 
of another magnet would be free to move within this cavity ; and 
there would be a strong force tending to make it move, for the 
magnet is magnetised throughout, and the walls of the cavity 
would therefore become ‘poles.^ The force within the cavity 
depends upon its shape, and is greatest for a narrow flat slit or 
‘ crevasse ^ cut perpendicular to the direction of magnetisation, 
one wall of such a crevasse would be a broad flat ‘ red ^ pole, the 
other w’all a broad flat ‘ blue ^ pole ; the field of force between 
these flat poles is usually very intense, being measured, ns all 
other fields of force are, by the force which would be exerted on 
a unit pole placed in the crevasse : the measure of the intensity 
of this field is called the Magnetic Induction within the metal ; 
it may be indicated by the number of lines of force (here called 
lines of Induction) drawn per square centimetre. 
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CHAPTEE I 

Electrification 

Fundamental Experiments— Deductions from Experiments — Vitreous or Posi- 
tive — Resinous or Negative — Conductors and Non-Conductors — Insulators 
— Both Electricities Equally Produced — Proof Plane — Electric Induction — 
Two Electricities or One — Gold-Leaf Electroscope — Use of Electroscope — 
All Bodies can be Electrified — Electrical Series. 


Fundamental Experiments. — In quite early days it was known 
that amber when rubbed could attract straw, dry leaves, and 
other light bodies. The fact is said to be mentioned by 
Thales of Miletus (b.o. COO), and certainly was by Theophrastus 
(b.c. 321), and Pliny (70 A.D.) From the Greek word yXeKTpov 
(electron), meaning amber, is derived the name of the modern 
science ‘ electricity.’ 

No further experiments in electricity are recorded until late 
ill the sixteenth century, when the celebrated Dr. Gilbert of 
Colchester, referred to above, found that almost all bodies when 
rubbed behave in a similar manner. 

The simple facts of electricity are best shown by a glass rod 
rubbed with silk, or a rod of sealing-wax rubbed with flannel or 
catskin. To obtain good results in friction experiments, all 
articles used should previously be thoroughly well dried by 
warming them for some time before a fire. 

Experiment I. — Take either the glass rod or the sealing-wax 
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rod^ and after well rubbing with the silk or the catskin, hold it 
two or three inches above a little heap of pounded glass, snips of 
paper, bran or any light pieces: the pieces are attracted vigorously 
to the rod, but immediately on touching it they are as vigorously 
repelled, so that the lieap is scattered in all directions. One or , 



Flu. 1.— Electriflod rod. 


two stray pieces of paper may get flat on to tlie rod and cling to 
it for a minute or two before being repelled. Small pieces of 
gold-leaf may be lifted five or six inches, and will dance up and 
down between the rod and the table. 

Experiment II. — Balance a common lath or a straw at the 



Fig. 2.— Latli balanced on point. 


middle on a point ; or hang up by a thread a wire with a cork 
at each end. The glass rod after rubbing with silk or the seal- 
ing-wax after rubbing with catskin will attract either end of 
the lath, etc., and by keeping the rod just in front of an end of 
the lath it can be made to sjfln rapidly. 

Experiment III. — Suspend a pith ball — any light body, such 
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as the slip of cork shown in Figs. 4 and 5, a feather, a child’s 
toy bladder will serve as well — at the end of a cotton thread : 
either rod, after rubbing, will attract the ball. The attraction 
is not affected when the body is allowed to touch either rod. 



Fi^. 3. —.SusiMmded wire and corks. 


Experiment IV. — Suspend the ball at end of a dry silk 
thread, or of a thread freshly drawn out from glass or shellac. 
At first either the glass or the sealing-wax rod will attract the 
ball, but if the ball be allowed to touch the glass rod, it will 



Fig. 4.— Slip of cork attracted. 


afterwards be repelled by the glass rod and attracted by the 
sealing-wax. If, on the other hand, it touch the sealing-wax, 
it is afterwards repelled by the sealing-wax and attracted by 
the glass. 
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Experiment V. — The ball suspended as in Exp. IV. will, after 
touching either rod, attract another suspended ball. 

Experiment VI. — Take two silk-suspended balls. Let both 
touch the *glass or })oth touch the sealing-wax, they will repel 
one another. Let one touch the glass and the other touch the 
sealing-wax, they will attract one another. 

Deductions from Experiments. — Bodies which after rubbing 
attract as in the above experiments are said to be elextrified, 
Exp. V. shows that by touching another body they can pass on 
to it their power of attracting, ix. they electrify it. The ‘ some- 



Fig. 5.— Slii) of cork repelUid. 


thing * which causes the attraction is called Electricity ; and an 
electrified body is said to be ‘charged' with electricity. We 
may say that electricity is prod'iiced by friction, but we must be 
careful only to give to the word ‘ produce ' its literal meaning, 
‘ to lead forward,' and not think of electricity as being ‘ created ' 
by friction. 

Exp. IV. shows that the electrified glass acts differently to 
the electrified soling- wax ; hence there are two kinds of electri- 
fication, or we may say there are two kinds of electricity. The 
Glass Electricity is called Vitreous or Positive ; the Sealing-wax 
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Electricity is called Resinous or Negative. It was customary 
until some twenty years back to speak of electricity as a fluid, 
and in the florid descriptions of newspaper reports w^e still read 
of the electric fluid. The objection to the word fluid is that 
electricity (although it will pass or flow from one body to 
another) is, in all probability, not a substance; there is no 
‘stuff’ in it as there is in water or in air; similarly, heat will 
flow from a hot body to a cold one, yet heat is not a fluid. 

Exp. VI. shows that bodies electrified in the same way repel 
one another ; bodies electrified in the opposite way attract one 
another. This fact may be expressed in the law — 

“Like electricities cmise Kepulsion ; 

Unlike electricities cause Attraction.” 

Hence Exp. IV. shows that when a body touches an electrified 
rod it obtains from it electricity of the same kind as that of the 
rod, for it is afterwards repelled by it. 

Conductors and Non-Conductors. — If the silk-suspended ball 
of Exps. IV. and VI, after being charged by one of the rods, be 
touched by the hand or by a piece of metal, coal, linen, cotton, 
or any damp body hold in the hand, it immediately loses its 
power of attracting and repelling. It is no longer charged; 
it has lost its electricity, and it is natural to say that the 
electricity has escaped through the body which has touched 
the ball. 

If, however, the ball be touched by dry ebonite, glass, shellac, 
wax, or silk, it does not lose its electricity. Bodies which allow 
electricity to pass along them are called Conductors. Bodies 
which do not are called Non-Conductors or Insulators (from 
InsulUy an island, since bodies supported by non-conductors are 
converted into little islands, so far as electricity is concerned). 
We now see why the cotton-suspended ball of Exp. III. was not 
affected when allowed to touch the rod, for so soon as electricity 
passed to the ball from the rod, it was conducted away through 
the thread. 

Whenever we wish to electrify bodies and* make them keep 
their charge during an experiment, we must insulate them by 
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fixing them to glass or ebonite supports, or suspend them by 
silk threads. 

The electrified bodies which we have described so far have 
all been surrounded by, and in contact with, air ; hence we 6ee 
tha^t ordinary air is a good insulator, otherwise the glass rods, 
pith ball, etc., would very soon have lost all their electricity by 
leakage through the air. It is found that all dry gases at the 
ordinary pressure are good insulators. 

Both Electricities Equally Produced. — A small cap of 
flannel is made to fit over the end of a sealing-wax rod, and a 
dry silk thread fastened to the cap so that it can be lifted from 
the rod without being handled. If how 
the cap be twisted briskly oh the end 
of the rod, w^e find that although the 
rod with cap on, wdien presented to an 
electroscope (see p. 666), produces no 
effect, yet the cap when lifted off by the 
^ silk thread is charged positively, and 

SeaUng.™x'iS.d*iia„neicai,. ^^6 roJ is charged negatively. This 
proves that both electricities are simul- 



taneously produced, and that the amounts produced are equal ; 
for, when presented together to the electroscope, the effect of 
each is neutralised by that of the other. 

Proof Plane. — This is a small flat piece of tinfoil (any metal 
will do as well), fastened at the end of a 
glass or ebonite handle; it is used to test the '0 

electrical condition of a body. If any part of 
an electrified body be touched by the proof 


Fig. 7.— Proof plane. 


plane the latter will, as seen in Exp, IV., take from the body a 
specimen of the electricity at that point. If the plane be then 
presented to a silk -suspended ball charged with positive elec- 
tricity, the latter will be repelled or attracted according as the 
plane is positively or negatively charged. 

The gold-leaf electroscope gives a more delicate test. 

Electric Induction. — If an electrified (say + ) rod be brought 
near to an uncharged insulated metallic body A, we find by 
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means of the proof plane that the end of the body nearest to 
the rod becomes charged with negative, and the more remote end 
with + electricity, the middle parts being neutral. When the 
ro<f is removed A shows no signs of electrification. Those 
charges of electricity are said, as in Magnetism, to be induced, 
and the phenomenon is called Induction. Usually for such 
experiments we use hollow brass bodies, or blocks of wood 
coated with tinfoil of shapes shown in the figure and 
insulated on glass rods ; they are often called ‘ conductors,’ 
though strictly the word should be kept for all bodies which 
conduct. Induction may also be shown thus : two uncharged 
insulated conductors A, B are placed in contact, and a charged 
rod brought near to A. This induces a negative charge on A and 




Fig. 8. — Induction. 



a positive charge on B. If now A and B be separated and the rod 
subsequently removed, each conductor retains its ‘charge, and can 
be tested directly with gold-leaf electroscope or suspended ball 
without the help of the proof plane. 

After testing, A and B may be discharged (ix, made to 
give up their electricity) by touching them with the hand or a 
wire, etc. ; if they be again placed in contact and the rod again 
brought near A, they may be electrified as before, and the process 
repeated any number of times. If the rod be very strongly 
electrified and brought very close to A, the charges thus obtained 
will also be strong. 

The above experiment succeeds equally well if a plate of 
glass^ vulcanite, ebonite, or any other insulator be interposed 
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between the electrified rod and A. This proves that although 
electricity cannot pass through non-conductors, yet it can act 
through them. 

^ Hence ft appears that by the help of induction we can obtain 
from two conductors a practically unlimited supply of electricity. 
The question naturally occurs to us, ‘ Where does the electricity 
come from?’ One simple answer is as follows — ^All unelectrified 
bodies may be thought of as containing a practically unlimited 
supply of + electricity (whatever it may be) ; and an equal 
unlimited supply of - electricity (whatever it may be) ; the attrac- 
tions and repulsions of these neutralise one another ; a body 
wH^ has an excess of + electricity or a deficiency of - electricity 
is positively electrified and vice versd. Now if we extend the law 
given on p. 661, and say not only that like electricities cause 
repulsion and vice versd, but that ^like electricities repel one 
ANOTHER,’ and Uinlike electricities ATTRACT ONE ANOTHER,’ we 
have accounted for all the facts described so far. 

Two Electricities or One ? — The mind may be inclined to 
rebel when called on to imagine all bodies as possessing these 
supplies of TWO electricities. A simplification can be made by 
accepting Franklin’s suggestion that there is but ONE kind of 
electricity ; that all unelectrified bodies contain a certain normal 
(^.e. usual, regular, or natural) amount of this electricity ; that 
positively charged bodies are those with more than the normal 
amount, and negatively charged bodies those with less than the 
normal amount. This still leaves the difficulty that the normal 
amount of electricity in a body must be practically unlimited, for 
to produce a very intense negative charge a very great amount 
of electricity would have to be withdrawn from it. Further, it 
gives no help towards understanding tlie real nature of elec- 
tricity. We will for the present accept the ‘ Positive Electricity 
and Negative Electricity’ view of the question, for it gives a 
convenient language in which to describe and discuss our 
experiments. 

It must be carefully noticed that an unelectrified body with 
its equal amounts of + and - electricity may be charged 
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positively {Le, caused to have an excess of + electricity) in three 
ways : — 

(1) by giving it more -f electricity ; 

(2) by taking away - electricity ; 

(3) by both giving + and taking away - simultaneously. 

So a positively electrified body may have its charge weakened in 
three ways : — 

(1) by taking away 4- electricity ; 

(2) by giving it - electricity ; 

(3) by (1) and (2) simultaneously ; 

and any one of these ways, if pursued far enough, will soon 
equalise the amounts of + and - electricity in the body {i,e, dis- 
charge it), and then give it an excess of - electricity {Le, charge 
it negatively). 

Gold-Leaf Electroscope. — In order to detect the existence of 
feeble charges of electricity, we require a more delicate instru- 
ment than the silk-suspended ball ; the gold-leaf electroscope is 
extremely sensitive. A convenient form is shown in Fig. 10. 
It consists of a rectangular metal frame closed in with plate 
glass at front and back : through the top of the frame passes a 
stout ebonite rod, and through the ebonite is fitted a brass wire, 
which is thus well insulated from the frame by means of the 
ebonite : at the upper end of the brass wire is a small brass plate 
or knob, at the lower end are two strips of gold-leaf about 5 
centimetres (2 inches) long hanging flat against each other. If 
we bring a positively electrified rod near to the upper plate, - 
electricity is attracted into the plate, and + electricity is repelled 
through the wire into the gold leaves. The leaves being similarly 
electrified repel one another and open out as in Fig. 10. Now 
touch the plate ; the + electricity endeavouring to get as far as 
possible from the electrified rod will escaper through the body to 
the earth : the leaves will no longer be electrified, and will there- 
fore close together again (Fig. 11). Eemove the finger from the 
plate ; the - electricity on it is unaffected, being still attracted by 
the electrified rod. Now remove the rod, the - electricity, being 
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no longer attracted or held in the plate, is free to spread itself 
out, and some of it passes through the wire to the leaves. They 
again diverge, but this time are charged with - electricity 
(Fig. 12). The electroscope is now charged ready fcr use. 

If it be preferred, a negatively charged rod may be presented 
to the electroscope, the above process will then leave the leaves 
diverging with a + charge. It should be noticed that gold leaf 
being extremely thin and light, a very slight charge suffices to 
cause a considerable divergence. 

Use of Electroscope. — To detect, say, a feeble negative 
charge on the proof plane, bring it near to the plate ; a small 
quantity of the plate’s negative electricity is repelled, passes 
down to the leaves and increases their divergence slightly.' 


I 




Fig. 12.— Cliarged eloatroscope. 



Pig. 13.— Effect of iinelectri find l)o<ly. 


On the other hand, a feeble positive charge on the proof plane 
would attract more - electricity into the plate, repelling at the 
same time + electricity into the leaves, and thus decreasing their 
~ charge, would cause them to close together slightly. If a body 
with strong + charge be gradually brought near to the plate, it 
will first cause the leaves to close together by repelling into them 
sufficient + electricity to neutralise their - ‘ charge ; a nearer 
approach to the plate will drive more + electricity into the 
leaves, and they having now a + charge will again diverge. 
Hence we see that in testing the electrification of a body, we 
ought to bring it cautiously up to the electroscope and be guided 
by the effect which it first has upon the leaves. 
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If an unelectrified body of more than one or two inches 
dimensions be brought near to the instrument, the leaves will close 
together slightly for the following reason. The unelectrified body 
ha8^(as explained on p. 664) large supplies of + and - electricity 
which, being equal, neutralise one another. However, on bring- 
ing one end near to the - plate of the electroscope the body is 
electrified by Induction, so that some of its - electricity is repelled 
to the far end, and some of its + electricity attracted to the 
near end. This induced + electricity reacts on the electroscope, 
attracting a little more of its - electricity from the leaves into 
the plate, and hence causing the leaves to close slightly. 

This effect might be erroneously attributed to a feeble + 
charge on the body ; hence, in doubtful cases it is better when 
testing for a + charge to have the leaves positively charged, and 
when testing for a - charge to have the leaves negatively 
charged, so that in either case we should look for an increased 
opening of the leaves. 

If it be asked, ‘ Why have the instrument charged at all ? ’ 
we answer, ‘ Because a change in the amount of divergence is 
detected much more easily than the first slight movement ’ ; also 
when flat together the leaves may stick slightly and so fail to 
move at all when acted on by a very minute charge. 

In order to make the electroscope retain its charge for any 
length of time the instrument must be thoroughly well dried, 
and since a film of moisture readily forms on glass it is well to 
have the top of the glass covered with shellac varnish, which is 
not so liable to a deposit of moisture. Also the air within the 
electroscope should be kept dry by placing in it a shallow trough 
of sulphuric acid, which is very hygroscopic (see Heat, p. 345). 

All Bodies can be Electrified. — With the aid of the Gold-Leaf 
Electroscope we can prove that almost all pairs of bodies are 
iiJifiTi T^n h^ed together^ one becoming negatively the 
other positively charged. 

At first sight it appears that metals and other conducting 
bodies are not thus electrified, and f^lie reason of this illusion is 
obvious, viz. any electricity which is produced on them, imme* 
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diately escapes to the earth if the conductor be handled during 
an experiment in the same way as we handle the glass rod, 
sealing wax, etc. 

If, however, a brass rod be stuck into an insulating gl|iss 
handle, the rod, on being rubbed or flipped briskly with dry silk, 
becomes electrified. Sometimes this experiment fails owing to 
the handle insulating imperfectly; a sure way of showing the 
electrification of brass, is to flip with a piece of silk the brass 
plate of an electroscope (previously uncharged). If the instrument 
be quite dry a few strokes sufiice to cause a wide divergence of 
the leaves. 

Electrical Series. — Substances may be arranged in lists — 
sometimes called ‘ electrical series ' — such that any body in the 
list is positively electrified when rubbed by one which comes after 
it, and negatively electrified if rubbed by one which comes earlier. 
Much, however, depends on the particular specimen of the sub- 
stance used, hence there is a noticeable difference between the 
following lists, which have been given by different authorities. 


Fur 

Fur 

Catskin 

Wool 

Glass 

Flannel 

Ivory 

Wool 

Glass 

Glaus 

Feathers 

Silk 

Silk 

Wood 

The Hand 

Metals 

Paper 

Wood 

Sulphur 

Metals 

India-rubber 

Shellac 

India-rubber 

Gutta-perclia 

llonqrhened Glass 

Resin 

Collodion 


Sulphur 

Gutta-percha 

Gun-cotton 


Ebonite is a preparation of india-rubber and sulphur, and 
being more convenient for lecture- room use than sealing-wax, 
is often referred to as the negatively electrified body. 



CHAPTER II 
Distribution of Charoe 

The Electrophorus — Charge Resides on Surface — Distribution on the Surface 
— Discharge from Points. 

The Electrophorus. — This is an apparatus giving us in 
succession as many charges of electricity as we please from a 
surface which needs only one initial excitation by friction. This 
in itself is a great convenience, but the electrophorus is also of 
extreme importance because, while affording a useful exercise on 
induction, the study of its action helps us to understand the 
working of modern electrical machines such as the Wimshurst. 

The electrophorus consists of a thin cake, say 3 mm. (J inch) 
‘thick, of some resinous material — shellac, sealing wax, etc. — cast 
in a shallow metal dish called i soZe .* on the resinous cake 
there lies a disc of brass or an*''*'Axer metal, this disc is called 
the cover, and is furnished an insulating glass or ebonite 
handle; tlie cover should be slightly less thaft the sole i^: 
diameter. 

Often a small brass knob is fixed by a short stem on the top 
of the cover. The cake is electrified (negatively) by rubbing with 
flanfiel or striking briskly with a catskin. The cover is now 
placed on the sealiug-wax cake, and since neither of them can 
be absolutely flat they only come in contact at a limited number 
of points, the greater part of their surfaces being separated by a 
minute air gap. At the few points where there is contact, 
the sealing-wax gives up its ~ electricity to the cover, but 
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the - electricity distributed over the rest of its surface is 
unaffected, being unable to escape along the nonconducting 
sealing-wax. The cover is acted bn inductively by this 



Fig. 14. -Electrophorus. 


negative electricity and becomes electrified as in Fig. 15, + elec- 
tricity being attracted to its lower surface and - repelled to its 
upper surface. 



Fig. 16.— Distribution of electricity on Fig. IG.— Distribution of electricity after 
electrophorus and cover. touching the cover. 


The cover is now touched by the finger, and the repelled 
electricity escapes through the body to the earth (Fig. 16). 
Finally the cover is lifted by the insulating handle (care being 
taken to take hold quite at the end) ; the + electricity being no 
longer attracted to the under surface is free to distribute itself 

2 X 
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over both surfaces, and we have the cover charged with 
+ electricity. 

The cover when charged will powerfully affect the gold-leaf 



Fig. ir. 

Distribution on cover when lifted 
off electroplionis. 


electroscope and charged balls, etc. 

If the knuckle be presented to 
the knob, the charge escapes from it 
to the hand just before the knob is 
actually touched; a slight tingling 
prick is felt — the forerunner of the 


more powerful ‘ shocks ’ we shall have to describe later — a faint 


but decided ‘ crack ’ is heard and a spark is seen between the 


knob and handle. 


Chargee Resides on Surface. — Since electricity — whatever it 
may be — of either kind I'epels electricity of its own kind, we 
might expect that a charge given to a conductor would spread 
itself out so that each portion should be as far as possible 
from the remainder ; hence we should expect to find the greater 
part of the electricity on or near the outer surface, and little 
or none inside. The following experiments show that the charge 
resides entirely on the surface (or at any rate does not penetrate 
more than say a hundredth of an inch). 

(1) Two equal insulated spheres, one solid and the other 
hollow, are placed in contact and a charge is given to either of 
them. We find that the charge is shared equally between them, 
for when separated they have an equal effect on the electroscope ; 
whereas, if the electricity permeated throughout the material 
we should expect the solid sphere to take the lion’s share. 

(2) An insulated hollow sphere has an opening just large enough 
to allow the disc of the j^roof plane to pass in and out without 
touching the edges. If the sphere be charged, the proof plane 
after -touching the outer surface affects the electroscope as usual, 
but after being passed through the opening and touching the 
interior surface of the sphere, no effect whatever is produced. 

(3) A basket made of wire netting is placed on an insulating 
stand, as in Fig. 1 8 : a charge of electricity being given to the 
basket, the proof plane again shows that, notwithstanding the 
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gaps caused by the meshes, no electricity remains inside the 
basket. The glass insulating stand shown in the figure is a 
convenient form, it contains strong sulphuric acid, which keeps 
the central upright stem dry. 

(4) A metal sphere is suspended by an insulating thread and 
charged ; two thin hollow hemispheres of slightly greater radius 
and fitted with glass handles are now brought together so as to 



Fig. 18. — Hollow sphere ami wire basket, both on insulating stands. 


completely enclose the sphere. If not allowed to touch the 
sphere, the hemispheres can be removed uncharged aiid the 
sphere retains its charge ; if, however, the hemispheres when 
together touch the sphere, we find aftfer removing them that 
the sphere is completely discharged, all the electricity having 
passed to the outer shell. Care must be taken not to let the 
hemispheres touch the sphere while being removed. 
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An interesting illustration of this principle is often to be 
found in a paper mill. The newly made paper being damp 
is passed between several heated rollers to dry it, which 
electrifies it feebly ; but as the continuous strip is wound into an 
immense roll, and the electricity of each turn passes to the out- 
side as soon as it is covered by another fold, the surface of the 
roll soon becomes powerfully electrified * by the accumulated 
charges ; brilliant sparks, and even severe shocks are obtained if 
the knuckle be presented to the paper. The writer has watched 
with amusement the pained surprise of an inquisitive terrier 
who ventured to sniff at the roll. 

Distribution on the Surface. — When a sphere is charged we 
should expect the electricity to distribute itself uniformly over 
the surface, and the proof plane easily shows that it does so. 

If, however, a knob A project from a sphere B, the surface 
of the knob is further removed from all parts of B than the 
dotted line C which it has replaced, hence 
we would expect that more electricity, in 
proportion to its area, would be repelled to 
A than had previously occupied C. 

The proof plane justifies our expectation, 
being more strongly charged after being 
applied to A than after application to other 
points on the sphere. Similarly, on any 
conductor we find electricity to be accumulated on the more 
prominent parts of the surface and almost absent from any 
depressed parts. 

We use the term electric surf ace-density to express the intensity 
of accumulation of electricity at any part of the surface. Hence 
the surface-density is greatest at all points, edges, or corners. 

Electric surf ace-density jut any point is the number of units 
of electricity (p. 700) per sq. centimetre at the point. 

Discharge from Points. — ^We have seen that owing to its 
self- repulsion electricity leaves the interior of a conductor and 
distributes itself on the surface] the same repulsion makes it 
endeavour to disperse itself more widely still. This is prevented 



Fig. 19. 

Electricity concentrated 
^ on prominence. 
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by the fact that the surrounding air (or it may be glass, petroleum, 
etc.) is a non-conductor j the air is thus put in a state of electrical 
strain, or as it is expressed ‘ electrical tension.^ Whenever the 
surface density is sufficiently increased — either by giving a very 
strong charge to a conductor of moderate curvature, or a modefate 
charge to a conductor with points or parts sharply curved — the 
tension becomes too great for the air to withstand, it gives way 




Fig. 20.— Electric wind. 


and a * disruptive discharge * takes place accompanied by a smart 
crack and a spark. 

From a sharp point on a charged conductor electricity escapes 
continuously with a hissing sound, and in a dark ropm a faint 
glow is visible round the point If there^be no other conductor 
near the point for the electricity to escape to, it will charge even 
the air itself near the point ; the charged air is then repelled from 
the point and streaming away forms a ‘ wind ' easily perceptible 
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to the hand, and sufficient in the case of a powerful electrical 
machine to blow the flame of a candle on one side (Fig, 20). 

In order to avoid loss of electricity by silent discharge, any 
conductor intended to retain a charge for a considerable time 
should be free from sharp angles or points. 



CHAPTER III 
Electkkjal Machines 

Plate Electrical Machine — Electric AV^hirl — Wimshurst Electrical Macliine — 
Explanation of Wimshurst Mae.hine — Discovery of Leyden Jar — Principle 
of Leyden Jar — Leyden Jar — Electric Hail — Electric Chimes. 

We will now proceed to describe machines for readily producing 
a supply of electricity : the earliest machine was invented about 
1640 by Otto von Guericke (who also invented the air-pump). 
It merely consisted of a big ball of sulphur cast on an axle ; one 
man turned the axle while another man pressed his hands on 
the ball, which was thus electrified by friction : a chain hanging 
against the ball carried ofl' the electricity to a ‘ conductor.^ 

Newton used a glass globe instead of sulphur, while 
Hawk’sbee, Ramsden, Winter, and others, in the course of time, 
made various improvements. The true frktimal electrical machine 
is now almost entirely superseded by induction machines, in 
which only a slight amount of friction is necessary to produce 
an initial charge and the subsequent supply is obtained by 
induction, as in the Electrophorus. We will, therefore, only 
describe the Plate Frictional Machine. 

Plate Electrical Machine. — A circular plate P, of say 50 cm. 
(20 inches) diameter, is mounted firmly on an axis and can be 
turned by the handle. At the top and bottom of the plate 
are pairs of cushioned rubbers R between which the plate passes. 
The rubbers are made of silk or leather tacked on to wooden 
blocks and stuffed with horse-hair ; usually a bolt passes through 
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each pair so that by adjusting a nut we can vary the pressure on 
the glass. A brass conductor C stands on insulating glass 
columns "Gr; it is often provided with fantastic knobs, rings, 
and branches whose main use is apparently to add to the 
mystery which always attaches to anything electrical; but an 
essential part of the conductor is the pair of ‘ combs ^ B&, which 



Fig. 21.~Plate machine. 


are formed by brass rods bent round the edge of the plate and 
fitted with a number of points or needles directed towards the 
plate. 

If the plate be turned in the direction LBY5 the parts of 
the glass L to B and Y to 6 which have just left the rubbers are 
charged on both sides with + electricity, as ki Fi^ 21 : as the 
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charged parts pass between the combs they act inductively on 
the conductor, repelling + electricity into the remote parts and 
attracting - electricity into the points. Now we have seen that 
electricity readily escapes from points, hence this attracted - 
electricity makes its way from the combs to the plate and there 
^neutralises the + electricity immediately under the points : the 
parts of the plate passing from comb to rubber {h to L and B to 
Y) are therefore unelectrified and ready to be again excited by 
the friction of the rubbers. 

The continued rotation of the plate brings fresh supplies of 
+ electricity to be neutralised by the withdrawal of more and 
more - electricity from the combs, the conductor C thereby 



Fig. 22.— Plan of cortbs and plato. 


having a greater and greater deficiency of - electricity is charged 
more and more powerfully with + electricity (see p. 665). 

Electric Whirl, — The whirl consists of five or six brass wires 
radiating from a central cap which 
can be balanced on the top of a 
pivot. The wires have their ends 
sharply pointed and bent to point 
in the same way round a circle. 

When the pivot is connected with 
the electrical machine, electricity 
makes its way to the points of the 
wires, and there escapes into the 
air (see p. 675). The electrified 
air is repelled from the points ; but 28 .-Biectric wWri. 

by Newton’s third 1^ there must be an equal reaction on the 
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points, they arc therefore driven backwards, and so long as the 
machine is working well the whirl spins rapidly. Notice that 



Fig. 24.— Wiiiishurst machine. 


the mechanical action is the same as in Barker’s Mill and 
Hero’s Steam Engine. 

A very pretty proof of the actual electrification of the repelled 
air is shown by covering the whirl with a bell jar. After a few 
minutes all the air in the jar becomes electrified as strongly as 
the whirl itself, hence further escape of electricity from the 
whirl is prevented, and the whirl comes tof*rest. 
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Wimshurst Electrical Machine. — This is the simplest and 
most perfect of the machines working by induction. It consists 
of two circular glass plates, about 50 cm. (20 inches) diameter in 

a medium-sized machine, mounted on a substantial frame. The 

• ^ * 

j)lates are driven by bands so arranged that they rotate in 
opposite directions with the smallest possible clearance between 
them. 

On the outer face of each plate are stuck an even number of 
strips of thin brass or tinfoil (called Sectors) of shape shown 
in Fig. 24 : the spaces between the strips, as also the rest of the 
surface of the plates, arc well varnished to prevent electricity 
from leaking over the surface. 

At each end of the horizontal diameter of the plates is 
placed a brass ‘conductor’ C, with branches 1) and E on 
either side of the pair of plates; these are furnished on the 
inner side with a comb or row of points directed towards the 
plates. 

The conductors are supported on and insulated by the 
upright columns made of glass or ebonite. To each conductor 
there is attached a discharging rod li, ending in a knob K, and 
turning on a pivot so that the knobs can be placed in contact or 
separated by any desired distance : insulating handles H (Fig. 27) 
are provided to enable this adjustment to be made while the 
machine is working. 

A conducting rod SQ with a small brush of brassfoil at 
each end is fixed at an angle of 45° with the vertical, with its 
brushes lightly touching on the 
front plate ; and a similar rod ( 

XY at right angles to the first 
has brushes touching the back c 
plate. I 

The feeble trace of electri- ( 
fication remaining from the last 25. 

, ^ Plan of plates, combs, tuul conductors. 

time of use suffices, as a rule, 

when a few turns are given to the machine, to work up to a' 
powerful electrification. Occasionally, however, it is necessary 
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to place an electrified ebonite rod for an instant at the back 
of the plate, behind S. We will base our explanation of the 
machine's action on this method of excitation. 

Explanation of Wimshurst Machine. — The ~ electrified rod 
" being near the sector at a on the back plate will act inductively 
on it, endeavouring to repel -* electricity out of it and to attract 
+ into it, but a being insulated little effect is produced in it. A 
similar attempt is made to electrify inductively the sector at ^ 

on the front plate, and with more 
success, for it is at the instant 
in contact with the brush S \ the 
(ua repelled - electricity can there- 

tbe rod SQ and 
pass by the brush Q on to the 
sector y, while + electricity being 
nj attracted passes from the rod SQ“ 

-y being turned in 

Fig. 26.— Back plate as viewed from front , , . . t y ^ i 

(front plate and SQ having been re the direction of the aiTOWS, the 
moved). 

sectors at p and y pass on, 
carrying with them their + and ~ charges ; and the next 
pair of sectors of front plate coming in contact with S and 
.Q are in a similar manner charged, one with + the other with 
- electricity. 

When the front plate has made a quarter turn, the sectors 
which were at /S and y have moved to the positions A /x. They 
are now near the sectors o* t of the back plate, which are in 
contact with the brushes X, Y of the back rod, and acting 
inductively on the rod they attract - electricity into and repel -f 
electricity from the sector cr, thus charging it negatively and vice 
versa charging r positively. These sectors will pass on from cr and 
T in the direction of the arrows, and reaching the position ao> 
after a quarter of a turn will be able to continue the inductive 
action on the front rod SQ which bad been initiated by the 
^electrified ebonite. ^ 

It is easy to see that after about half a turn the sectors of 
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each plate are electrified as in Figs. 26 and 27 : those sectors 
which are approaching the right-hand comb D (on front plate 
coming round from the top, and on back plate round from the 
bottom) have a + charge; which on reaching the comb ia neutral-^ 
jsed by attracting a sufficient quantity of - electricity from the 
points : hence the conductor CD, from which each passing sector 
draws - electricity vid the comb, soon becomes strongly charged 
positively. In a similar manner CE acquires a powerful - charge. 

The only point 
left to explain is how 

the sectors work up ^ • 

in a few turns from // U+ \ 

a very feeble initial // \ \\ 

charge to a very tflk-i < H k 

powerful electrifica- ^ ^ 
tion. Notice, then, ” \ / 

that after the first 
turn not only is the 

sector a of the back ^ „ , , , 

Fig. 27.— Front plate. 

plate charged with 

- electricity, but also the sectors on each side of it have - 
charges : the action of the - sector to right of (above) a is 
neutralised by that of the + sector to right of (above) (3 ; but 
the - sector to left of a has an uncharged sector opposite to 
it on the front plate, hence it is able to act inductively on the 
sector ^ and cause on it a stronger charge than would have 
bben produced by a alone. 

A similar argument applies to the action at Q, X, and Y, 
thus each sector on passing a brush receives a slightly greater 
charge than that on the sector which excites it : the charges, 
therefore, grow stronger and stronger and the machine soon 
attains its maximum electrification. The iijprease does not go 
on without limit, for it is impossible to prevent leakage from the 
sectors and the plates, and at a certain point the increased leakage 
will balance the increase of electrification. 

If the machine b$ worked iu the dark, a beautiful glow is 




Fig. 27.— Front plate. 
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seen on the plates caused by the leakage over their surface, and 
at all the points of the combs little brushes of delicate violet 
light are seen, caused by the electrified air streaming from them. 
A series of brilliant sparks pass between the knobs KK even when 
4 or 5 inches apart. A gigantic machine made for the Birming-- 
ham Electrical Exhibition in 1887 gave sparks 12 inches long. 



Fig. 28. — Discovery of Leyden jar. 


Discovery of tllo Leyden Jar. — In 174G (twenty years after 
the death of Newton) Cuneus, a student at Leyden in Holland, 
wishing to electrify water, took in his hand a glass flask half 
filled with water, and let dip into the water the end of a chain 
hanging from the conductor of a ‘ glass-globe ' machine. Some 
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time having been allowed to get the water well charged, he 
attempted to lift the chain from the flask, and received a violent 
shock in the arms and chest, which caused him to drop the flask, 
and from the effects of which he took two days to recover. 
Writing to K^aumiir on the subject, Cuneus said he ‘ would not, 
for the crown of France, expose himself to a second such shock/ 

This discovery caused great excitement in the scientific world, 
and when the student considers that this was the first electric 
shock ever experienced — unrecognised lightning strokes excepted 
— he will see that the amazement was justified. Improvements 
were soon made, resulting in the Leyden jar (named after the 
place of the first discovery), which we will describe in the 
following article. 

Principle of Leyden Jar. — In order to lead up to the 
explanation of the action of the Leyden jar, we will consider the 
following experiments. 



Fig. 29.— Condiiolior iiiicharged Fig. 30.— Charge shared hy conductor and cover. 

(1) Let us electrify a large insulated conductor A by giving 
it a succession of + charges, say sparks from the eleQtrophorus. 
On first making contact between the charged electrophorus cover 
and the uncharged conductor, the + ’electricity of the cover 
distributes itself in fair proportion between conductor and cover 
somewhat as shown in Figs. 29 and 30. Thus the cover on 
removal retains a slight charge, while the greater part remains 
on the conductor, though attenuated by being spread over so 
large a surface. 

When the cover after recharging is again brought up to the 
conductor, the + electricity on the latter re^ls the + electricity 
of the cover, and resists its passage into the conductor although 
too feeble to entirely prevent it. Thus the second charge is 
shared between the conductor and the cover, and each is electri- 
fied about twice as strongly as after the first spark. 
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be lOg', 100(/, or 1000^. [Students with sufficient knowledge 
of algebra will see that these results are obtained by ‘ summing 
to infinity ’ the geometrical progressions 1 + *9 + *9^ + *9^ + etc. ; 1 
+ *99 + *992 + *993 + etc. : 1 + ‘999 + ‘9992 + *999^ + etc.] 

* Hence the above arrangement enables us to collect on a given 
plate, and from the same electric supply, a charge say 1000 times 
as great as when the plate stands alone. It has a much greater 





Fig. 84.— Leyden Jars. 

‘capacity* for electricity than the single plate has. The 
appropriate name Accumulator has been given to the apparatus, 
but unfortunately has now fallen into disuse, owing to its having 
been for several years misapplied to secondary batteries. The 
name Condenser is^ow used, but care must be ta^en not to 
picture electricity as condensed in any such way as steam con- 
denses into water. 

Leyden Jar. — ^The Leyden jar itself is a thin glass jar coated 
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about half-way up both inside and outside with tinfoil. Its two 
coatings correspond to the plates or conductors A and B of the last 
article ; it is an accumulator or condenser of great capacity. 

A brass rod terminated by a knob stands up from the centre 
of the inner coating. In some forms (the more usual) the rod *s 
passed through a wooden cap or lid, and from its lower end hangs 
a piece of chain which makes contact with the inner coating. 
The cap has the advantage of keeping out the dust, hut it offers 
a path from the rod to the top of the glass ; any leakage of 
electricity in the open form has to pass up the surface of the 
glass on the inside and down the outer surface, therefore its 
insulation is twice as good as that of the common form. In 
Cuneus’ original experiment the water behaved as the inner 
coating and the hand as the outer coating of the jar. 

Discharger. — To avoid receiving severe shocks, the 
Leyden jar should be discharged by means of a discharger. 



Fig. 35. — DiHchaiger. 


This consists of a pair of brass rods, fitted with knobs at one^ 
end, jointed together at the other, and mounted on a glass 
handle. We may discharge a jar by placing one knob in contact 
with the outer coating, and then bringing the other knob up to 
the knob of the jar. 

We will in this chapter describe a few experiments with the 
Electrical Machine and with Leyden Jars, some of them hieing 
inserted merely for amusement, others bec^se they introduce us 
to various effects produced by electricity in addition to the mere 
attraction and repulsion which we have already studied. 

Electric Hail. — A glass shade stands over a metal plate on 
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which lie a number of pith balls ; through the top of the shade 
passes a brass rod carrying a second brass plate. The base plate 
is connected to one conductor of the machine and the upper plate 
to the other (light brass chains with hooks at the end are con- 
venient for making such connections). As soon as the machine 
is worked, tlie base plate and the balls lying on it become, say, 



Fig. 3G.— Electric hail. 


negatively charged and the upper plate positively. The balls 
are therefore repelled by the lower and attracted by the upper 
plate. They jump briskly upwards, and striking the plate give 
up to it their - chaise and receive a + charge. They are then 
repelled downwards, and on striking the base plate- again jump 
up to the top plate, so that a continual bombardment of the 
balls takes place between the plates. The name Electric Hail 
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has been given because of a suggestion made by Volta that 
hailstones may thus move up and 
down between two clouds oppositely 
charged. 

There is a similar experiment 
in which a doll made of pith dances 
up and down in a ludicrous manner 
between two plates connected with 
the machine as before. 

The Electric Chimes. — Three 
bells are hung from a metallic cross- 
bar which is connected with one of 
the conductors (say -j- ) of an elec- 
trical machine. The middle bell is 
suspended by a silk thread, and 

‘lie 1 l*'*^"* y7.— Electric cliiiiies. 

therefore insulated from the cross- 
bar ; a chain hangs from it to the ground or to the - con- 
ductor of the machine. Two small balls are suspended by silk 




Fig. 38. — Slow discharge of Leyd^ Jar. 

threads between the bells. They are first attracted to the outer 
bells, then repelled to the inner one, and so keep up a continual 
ringing so long as the cross-bar is electrified. 
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This pretty experiment was devised by Franklin during his 
work on thunder-storms for the useful purpose of calling attention 
when any action was taking place in his apparatus. 

A similar arrangement can be fitted to a Leyden jar which 
is* slowly discharged by the ball carrying a small + charge from 
A to B, and — charge from B to A at each swing to and fro (see 
Fig. 38). 



CHAPTER IV 
Electrical Effects 

Shocks — Sparks — Heating Effects — Chemical Effects — Magnetic Effects. 

Shocks. — We have described the shock experienced by a single 
individual ; the shock may be felt simultaneously by any number 
of people provided they join hands so as to make a continuous 
chain; the man at one end must hold the jar by its outer coating 
while the man at the other end touches the knob.* In some 
French experiments made during the excitement which followed 
the discovery of the Leyden jar, a severe shock was thus given 
to a regiment of 1500 soldiers. 

We may here mention the shocks given by Voltaic Batteries, 
EuhmkorfF Induction Coils, and Dynamos, although these instru- 
ments are not described until later on. No shock whatever is 
felt when we touch the terminals or wires connected with the 
terminals of a battery containing two or three cells ; if the 
number of cells be increased say to ten, a slight pricking sensa- 
tion is felt when a wire from a terminal is held very lightly in 
each hand ; the effect is more evident if the hands be previously 
soaked with water containing a little acid, it is then accom- 
panied by a slight twitching of the muscles; these sensations 
become much more marked as the number of cells is increased 
to 40 or 50, and are felt to a similar exteiTt with a low pressure 
dynamo — say one giving a difference of potential of 50 to 100 
volts. A nasty shock is given by 100 to 150 cells or 200 to 
300 volts, and anything above this is distinctly dangerous. A 
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shock from a dynamo working at 600 to 1000 volts is, as a 
rule, fatal, even if given by a momentary accidental contact with 
an uninsulated wire. The danger arising from the enormous 
potentials^ ten or twenty thousand volts, often employed in large 
electric lighting stations, is very great and the utmost caution 
has to be observed in their use. 

Sparks. — If the knobs of the Wimshurst machine be separ- 
ated by a short distance, say half an inch or less, the spark 
usually consists of only a single bright line of light, which on 
examination shows at the negative knob a very brilliant point 
separated by a stretch of fainter imrplish violet light from a 
longer brilliant line which extends to the positive knob. 

If the distance be increased to 2 inches (5 cm.) or more 
the discharge breaks up into a number of sparks similar to the 
last, side by side and slightly bowed outwards, as though they 
repelled one another. 

The spark from the Leyden jar is much brighter, stouter, 
and gives a sharper sound than the direct spark between the 
knobs of the machine ; this is of course due to the greater 
quantity of electricity which passes. 

If the conductors of a Wimshurst machine be connected with 
the inner coats of two Leyden jars, the outer coats of which are 
connected together, then a spark only passes between the knobs 
when each jar is fully charged, it therefore has all the character- 
istics of a Jjeyden jar spark. 

AVe saw (p. 675) that the air round an electrified body is 
strained by the electricity, and when the strain at any point 
becomes too great, a passage for the electricity is torn through 
the air and the whole charge rushes through. The sound of the 
spark is probably due to the tearing asunder and subsequent 
closing together of the air. Heat is produced by this sudden 
rush, hence the spark is able to ignite spirits or gunpowder, and 
to produce an explosion in a mixture of oxygen and hydrogen. 
Thus in the experiment represented in Fig, 39 a small brass 
cannon — usually known as Volta^s Cannon — has a somewhat 
large chamber at the breech end instead of being of uniform 
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boro ; it can thus hold a fairly large volume of any explosive 
mixture of gases, say, coal gas and air : a cork is inserted firmly 
in the muzzle, a plug of ebonite is screwed firmly into the 
breech, and through the ebonite passes a brass wire tierminatejd 
by a small knob at each end, as shown by the sectional drawing 
at the top of the figure. The lower knob is fixed very near to 




Fig, 31). — Volta’s cttiiiion. 


the inner surface of the chamber; when a spark from the 
Electrophorus cover is passed to the upper knob, a spark passes 
simultaneously inside the cannon across the gap below the lower 
knob ; this ignites the explosive mixture, and the cork is pro- 
jected with great violence. The object of the ebonite plug is to 
insulate the brass wire and so prevent the spark from passing to 
the butside of the cannon. Again, if we insulate ourselves by 
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standing on a sheet of india-rubber, we can light the gas by a 
spark from the knuckle ; to do this take hold of one of the con- 
ductors of a Wimshurst machine with one hand and present a 
knuckle of the other hand to the gas burner ; when the machine* 
is worked, sparks pass from the knuckle to the burner and readily 
ignite the gas. 

' It may seem strange to beginners that any strain can exist in 
so mobile a substance as air ; but it must be remembered that 
although ordinary matter passes easily through air and therefore 
cannot cause strain in it, the passage of electricity (whatever it 



Fig. 40.— Utt« lighUMi by knuckle. 


may be) is opposed in air just as much as, say, the passage of 
ordinary matter through glass. 

Electricity causes strain in other insulating materials, and the 
strain amounts to an actual rupture or piercing, if a spark pass 
through the material. 

When the collectors of the Wimshurst are connected with 
Leyden jars, the spark between the knobs will each time punc- 
ture a card placed between them ; the hole usually has a slight 
burr on each side as though it were burst outward from the 
middle. A sheet of glass may be pierced by the spark, but 
unless it he very thin, such as of the slips used to covd? the 
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specimen on a microscopic slide, a powerful spark from a battery 
of Leyden jars (see p. 688) is necessary. Precautions have to be 
taken to prevent the spark leaping round the edge of the 
glass instead of through it. 

Heating Effects. — A fine wire placed in the path of the 
electricity, when a spark is taken from a battery of Leyden jars, 
is heated and becomes red hot, white hot, or even melts according t 
to its fineness. 

A piece of gold leaf placed in the circuit is raised to a high 
temperature owing to its extreme thinness, and it is not merely 
melted but volatilised, i.e, converted into vapour. Franklin took 
rough copies of portraits and other patterns by this means ; a 
pattern is pricked or cut through a thin card, on the ends of 



Fig. 41 .“Pic 5 turo piwJuced by volatilising gold Iwif. 


which are stuck strips of tinfoil T (Fig. 41) ; a strip of gold leaf 
reaches from T to T across the card : underneath the card is a 
strip of paper. The card, paper, and gold leaf are held firmly 
together in a screw press and the discharge' from a Leyden jar is 
passed through the leaf ; the vapour passes through the slits of 
the card and, condensing on the paper at the back, forms an 
outline copy of the picture. 

Chemical Effects. — Two platinum wires are fixed in two fine 
glass tubes so that only the points show through the ends of the 
tubes. The wires are thus insulated by their glass covering, so 
that electricity can only pass to or froni^ them at the points. 
The tubes are placed opposite each other in water (Fig. 42), and 
when the upper ends of the wires are connected to the con- 
ductors of a Wimshurst madijpe, electricity passes from one to 
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the other through the water when the machine is worked. As 
the electricity passes, minute bubbles of gas are seen to form 
at the points, these, if collected, would prove on examination to 

be oxygen and hydrogen — hence 
electricity in passing through the 
miter has decomposed it Further, 
+ electricity passes from A to B, 
leaving the liquid at B; hydrogen 
also leaves the liquid at B; - 
electricity passes from B to A, 
leaving the liquid at A ; oxygen 
also leaves the liquid at A, so 
that hydrogen appears to travel 
with + electricity and oxygen 
with — electricity. 

If crystals of sulphate of 
copper (CUSO4, vitriol) be 
dissolved in the water we find that, on working the machine, a 
thin coating of copper is deposited on the platinum at B, while 
free acid is formed round A. This shows that the copper sulphate 



Pig. 42.— Decomposition of water. 



Fig. 43.— Decomposition of potassium sulphate. 


is decomposed into copper and sulphuric acid; also that the 
metal appears to travel with the + electricity and the acid 
appears to travel with the — electricity. 

Many chemicals are similarly decomposed when electricity 
passes through them ; we will only give one further instance — 
an experiment due to Faraday. Two small circles of blotting 
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paper with a connecting strip are soaked with sulphate of potassium 
and coloured with litmus. The litmus on B is made slightly acid, 
which gives it a red tinge, and that on A slightly alkaline, which 
gives it a blue tinge ; platinum wires connect A and B with the 
machine. When + electricity passes from A to B and - frotn 
B to A, a blue spot is formed round the end of B wire and a 
red one round the end of A wire, showing that the salt having 
been decomposed into acid, and alkali contain- 
ing the metal, the acid has travelled with - 
electricity to A while the metal has travelled 
with + electricity to B and there formed an 
alkali. 

Note that in the first of the experiments 
hydrogen behaves in the same way as metals 
do in the second and third. 

Magnetic Effects. — If a piece of insulated 
copper wire (i.e. wire covered with gutta- 
percha, silk, or other non-conducting material) 
be coiled into a spiral and a Leyden jar dis- 
charged through it, we find that a sewing 
needle or small steel bar placed inside the 
coil is magnetised by the passage of the elec- 

r o 44.— Needle mag- 

tricity round it. netlsed by discharge 

If the 4 - electricity pass from A to B and « 

- from B to A, then, if on looking at the end A, the + elec- 
tricity pass round the coil ‘anti-clockwise;’ a N. pole is formed 
in the needle at the end near A. If on looking at A the + 
electricity passes round the coil ‘clockwise,’ as in Fig. 44, a S. 
pole is formed near A. 




CHAPTEiR V 

Quantity of Electricity: Potential 

Law of Attraction and Repulsion — Measurement of Electricity — Electric 
Potential — Potential of a Conductor — Analogy to Level of Water — 
Potential of Eartli Zero — Electrometer. 

Law of Attraction and Repulsion. — Hitherto we have merely 
said that ‘like electricities repel, unlike electricities attract^ 
without any reference to the magnitude of the attracting or 
repelling force. Coulomb proved with the help of his torsion 
balance, which we will not describe hene, that the force between 
two small electrified bodies varies inversely as the square of the 
distance between them, Le, the law of attraction is the same for 
electricity, for magnetism, and for gravitation. For example, if 
the repulsion between two balls at a distance 5 cm. be 27 dynes, 
then at a distance 15 cm. (3 times as great) the force will 
be 3 dynes of 27 dynes). Moreover, the force is proportional 
to the quantity of electricity on each ball, thus, if we increase 
the quantity on one ball 4 times and that on the other 7 times, 
the force is multiplied by 28, i.e, 4 times 7. 

Measurement of Electricity. — Just as we need a unit or 
standard length (the foot or the centimetre) and a unit or 
standard quantity of matter (the pound or the gramme), so we 
need a unit or standfift;d quantity of electricity, in terms of which 
we can measure all other quantities ; the following unit has been 
chiosen. 

The Electrostatic Unit of Electricity is the quantity 
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which, placed on a minute body at a distance one centimetre from 
(mother minute body carrying an equal quantity of electricity, repels it 
with a force one dyne, 

[It IS necessary to say a ‘ minute body,’ for in bodies of appre- 
ciable size the electricit)% being distributed over their* surfaces 
will at some points be more and at others less than a centimetre 
apart.] 

The following examples will make the law of attraction clear. 

Ex. 1. 1 unit at distance 1 cm. from 1 unit causes force 1 dyne, 

limit „ 11cm. ,, 1 unit ,, ,, j^^^^y^dyno, 

7 X 13 91 

7 units ,, 11cm. „ 13 units „ „ 

Ex. 2. So if q units be at a distance d cm. from y' units the force dynes. 

Ex. 3. What equal amounts of electricity must be placed one foot apart 
in order that the repulsion may be equal to a force of 1 lb. -^veight ? 

Let X be the number of units on each body : then since 1 ft. :tr30*5 cm., 

force of repulsion dynes. 

(oU'Oj- 

Also 1 lb. -weight = 454 grammcs-weight=4.54 x 981 dynes, 

/OA rs9=4r)4x981, .*. ir=30-5x V4.54 X981 

(30 -Sr 

= 20,400 units of electricity. 

Electric Potential. — A body A with a + charge repels any 
other positively charged body P, hence if we carry P near to A 
we have to overcome the repulsion which resists us, that is, we 
have to do work ; and the nearer we bring P to A the more work 
we have to do. When P is at a considerable distance — say 100 
feet or more — the repulsion is a.s a rule negligible, hence beyond 
some such range no work is done in moving P about. However, 
to guard against inaccuracy when dealing with very large bodies, 
say electrified clouds, we speak, in the following definition, of 
bringing a body up from infinity, in spite of it being a somewhat 
inaccessible starting-point. 

The Electric Potential at any point is the work which has to 
he done against electric forces in bringing a + unit of electricity from 
infinity to that point. 
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Hence the nearer we are to a positively charged body the 
greater will be the potential, and beyond the range of say a 
hundred feet from an electrified body the potential is zero. 

If two bodies A and B have + charges it is clear that in 
bringing eur + unit from infinity to P we are opposed by both 
A and B and have to do work against both repulsions ; hence 
the potential at P is greater when B is present than when A 
alone is present. 

If a third body C with a ~ charge be near, then its attrac- 
tion helps us to bring our + unit to P ; it does some of the work 
for us, and we ourselves have work to do ; that is, the poten- 
tial at P is lowered by the presence of a negative charge at C. 

It can be proved mathematically that the potential at a 

distance r from a charge of q units of + electricity is ; and 




/lob 

© 0 © 


op 


Pig. 4 :,. 

Extra positive charge raises potential. 


op 

Pig. 4r>. 

Extm negative charge lowers potential. 


that the potential at a point P in the presence of several charged 
bodies is the sum of the potentials due to each body separately. 

Hence, if + charges q^, he at distances from P, 

and - charges be at distances 7^, r^, from P, 

potential at P = ^ - ??? 

^ '^5 »* 6 * 

Just as the electric forces oppose us when moving a positively 
charged body from a place of low to one of higher potential, so 
they help us by doing work in the reverse movement ; that is, 
the electric forces themselves tend to cause + electricity, or a 
positively electrified body, to move from a place of high to one 
of lower potential : moreover, since - electricity is attracted 
where + is repelled, it follows that - electricity, or a negatively 
electrified body, tends to move from a place of low to one of high 
potential. 
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Potential of a Conductor. — Since electricity can move 
readily in a conductor, we see that, if the potential were different 
at any two points in a conductor, + electricity would imme- 
diately flow one way and - the other until the potential was 
^ equalised. Hence, the 'poteniikil is the same at all pmUs in or on a 
conductor (provided the electricity be at rest). 

If a conductor bo charged gradually by bringing up to it unit 
after unit of electricity, the opposition to the approach of each 
unit increases as the charge on the conductor increases ; hence 
the work to be done in imparting each successive unit to the 
conductor increases ; that is, the j)otential of the conductor rises. 
The POTENTIAL OF A (JoNUUCTOR is measured hy estimating, m 
ergs per electric unit, the wm'h which would have to he done, against 
the electric forces, to bring up from infinity to the conductor a very small 
charge of positive electricity. 

Analogy between Level of Water and Potential of Electri- 
city. — We have seen already that, although electricity is in all 
probability not a fluid, still it resembles one in many respects ; in 
comparing electricity with water we find a resemblance between 
MeveF and ‘potential.’ Thus, in lifting water from a low level 
to a high level we have to do work, just as we have in moving 
+ electricity from a place of low potential to one of high poten- 
tial. Water, or a bucket filled with water, tends to descend 
from a high level to a low one, just as + electricity, or a body 
carrying + electricity, tends to move from high to low potential. 

If water be poured into a tank it spreads out until the level is 
everywhere the same, just as electricity given to a conductor 
spreads out until the potential is everywhere the same. 

If a pipe connect a tank at a high level with another at a low 
level a current of water flows through the pipe ; and if a wire 
connect a ‘conductor’ at high potential with another at low 
potential a current of electricity flows along the wire. 

The analogy between w^ater and electricity, however, breaks 
down if pressed too far. Thus, two similar bottles of water 
attract each other (by gravitation), whereas two similar charges of 
electricity repel one another. 

A + charge and a - charge on bodies near each other will 

2z 
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neutralise each other^s action on a third body ; but an empty 
bottle (or say a bottle of water) does not neutralise the attraction 
of a full bottle of whisky. 

Potential of Earth Zero. — In considering the flow of water 
we are ifsually concerned with the differerwe of level or height 
between one place and another, and to render the estimation of 
this difference easy it is usual to compare all heights with a 
standard height or level, namely, ‘ sea-level ’ : so in estimating 
electric potentials it is desirable to have a standard potential 
from which to measure all others ; the potential of the earth at 
any point is a convenient standard, hence, as a rule, the potential 
of the earth is taken as zero. 

The action of the Leyden jar, of the Wimshurst machine, 
and all the i)hen()mcna of induction may be explained by con- 
sidering the potentials at various points ; unfortunately we have 
not sj)ace here for these explanations. We will call attention to 
the point that, just as a tank or a reservoir of great capacity 
takes a great quantity of water to raise its level one foot, so a 
conductor of great capacity takes a great quantity of electricity 
to raise its potential one *crg per unit of electricity.’ Now, 
when electricity is derived from a given source, say an electro- 
phorus or a Wimshurst, there is generally a limit to the potential 
at which it is supplied, just as with a common pump there is a 
limit to the height through which the water can be lifted. If 
any conductor be charged as far as possible by the given 
apparatus, its potential will rise to a limiting value and no 
further. Hence if the conductor have a great capacity, as a 
Leyden jar, it will acquire a far greater charge than a body of 
small capacity would acquire when charged by the same 
apparatus. 

Electrometer. — ^Electrometers are instruments for measuring 
the difference between the electric potentials of bodies. We will 
not fully describe one, but may mention that Lord Kelvin’s 
Quadrant Electrometer is one of the most delicate: in it a 
light flat strip of aluminium is delicately suspended within a 
round shallow brass box ; this box is divided into four separate 
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pieces by two cuts made along two diameters at right angles to 
each other. The four pieces are therefore quadrants of a circle: 
ifeach quadrant is mounted on an insulating glass stem, and alter- 
nate quadrants are connected together by wires. When it is 
wished to compare the potentials of two bodies, one bo*dy is cofl- 
nected to one pair of quadrants, the other body to the other 
pair ; the aluminium strip is given a charge of electricity, say a 
negative charge, and is then attracted towards the pair of quad- 
rants which has the greater positive potential. 



CHAPTEE VI 
AtMOSI'HKRIC Elkctiucity 

Franklin’s Experiment — Thunder-storms and Hot Weather — Big Rain Drops 
after Thunder — Tliotographs of Lightning — Lightning Conductors — 
Measurements of Atmospheric Electricity — Tyroelectricity — Electric 
Fishes. 

Franklin’s Experiment. — The similarity of the jagged lightning 
flash to the smart spark of the Frictional Machine and of the 
Leyden jar suggested to the early workers in Electricity that 
lightning was but a mighty electric spark leaping from one cloud 
to another or to the earth; they recognised that the ‘ shock ^ 
given by a Leyden jar bore an obvious resemblance to the 
lightning ‘ stroke/ and that the snap of the spark was but a peal 
of thunder produced in miniature. 

The groat Benjamin Franklin in 1752 carried out at Phila- 
delphia his original suggestion of drawing down electricity from 
the clouds : he flew a kite near the clouds during a storm and 
expected electricity to make its way down the string. At the 
end of the string he slung a key from which to draw the sparks, 
if any came ; and he held the string by means of a silk ribbon 
in order to insulate it. At first the string was dry and no result 
was obtained, but as soon as rain fell, the string, being wetted, 
conducted an al>undant supply of electricity to the key, which 
then yielded powerful, sparks. 

This class of experiment was extremely dangerous, for 
occasionally sparks nine feet long wore obtained, and in 1753 a 
Russian physicist, Eichmanii, was killed by a shock. 
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Having established the fact that clouds generally are 
electrified, we are confronted with the problem ^liow do they 
become electrified, electrified indeed to such an enormous 
potential that they can yield sparks possibly a mile longV 
The problem is one which, up to tjie present, has baffle*d 
physicists to solve completely and satisfactorily. Doubtless 
the electrification is largely due to friction of the wind 
against the surface of the earth, while another agent may be 
the continual evaporation of water from the sea, from rivers, 
and from moist land. 

Thunder-storms and Hot Weather. — There is not much 
accurate knowledge on this subject, hence what follows must 
only be considered as a series of hints at the truth. 

Dry air is one of the best insulators, hence during a long 
spell of hot dry weather there is little opportunity for electricity 
to escape from the air to the earth ; we might therefore expect 
that the upper strata of the atmosphere would gradually accumu- 
late the electricity which is continually being produced by 
friction and evaporation; at the same time remember that 
although the air may feel dry (because it is hot and capable of 
holding a great quantity of water vapour), yet it is continually 
drinking up more moisture, a process to which an end must 
come when, sooner or later, the air becomes nearly saturated. 
Ultimately some slight fall of temperature causes these upper 
strata to become moist, the water vapour within them begins to 
condense into minute particles, and clouds are formed whoso 
conductivity may be fairly good. The electricity which, before 
the condensation, was distributed throughout the volume of the 
air, makes its way to the surface of the cloud, and being thus 
packed more densely together it has a greater tendency to escape 
in sparks. 

Previous to a thunder-storm the clouds are in great com- 
motion, great masses being torn asunder, fliers uniting together; 
now these clouds being electrified, some more and some less 
strongly, act inductively on one another, and if a piece happen to 
be torn away, while more than its fair share of electricity has been 
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induced into it, it may soar away intensely electrified. Several 
such pieces may unite to form a big cloud charged to the enor- 
mous potential necessary to produce a flash of lightning. 

Bigr RP'in Drops after Thunder. — Lord Ilayleigh has proved 
tliat drops of water which strike together when slightly electrified 
tend to run together into big drops, but when unelectrified they 
generally rebound from one another. T'lie following pretty ex- 



Fig. 47. — Jet of water electrified. 


periment illustrates the matter. Water from a tank is allowed 
to flow in a fine jet from a glass nozzle; it begins to break 
into drops at a point A about a foot above the nozzle ; it rises 
nearly to the height of the tank, and scatters somewhat even 
before reaching its highest point. If an electrified glass rod or 
sealing-wax be brought within a few feet of the jet it immediately 
pulls itself together and flows in a compact stream of big drops 
from the point A to the ground ; moreover, it rises higher than 



vr 


ATMOSPHERIC ELECTRICITY 


709 


before, for it oifers less surface to the air and therefore meets 
with less resistance. 

If the electrified rod be brought close to A the drops as they 
break away are strongly electrified, and their mutual ^repulsion 
causes them to be scattered in all directions as a fine spray. 

Similarly it is possible that just before a big thunder -clap 
the rain drops are kept apart by strong electrification, but that 
after the clap the feeble charge remaining causes them .to 
coalesce into big drops. 

Photographs of Lightning.— Within the last few years many 
photographs of lightning flashes have been taken. We reproduce 



Fig, 48. — Photograph of lightning. 


one here, kindly lent by Mr. A. K. Dresser, of Bexley Heath ; 
it shows clearly that the zigzag representation of lightning given 
in paintings and engravings until recently is quite erroneous. 

Lightning Conductors. — When the electricity is endeavouring 
to make its way from a charged cloud to the earth it, naturally 
follows whatever path offers the least resistance. 

Now, although timber and building materials are not good 
conductors, yet they conduct better than the air, hence the flash 
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will probably take a path leading it down a tall tree or building, 
and even these offer so much resistance that they catch fire or 
are torn to pieces by the shock. Buildings may be protected 
from lightning by fixing* to them one or more stout copper 
dbnductors (with a section of say half an inch square) from the 
highest point down to the ground ; the conductor offers so little 
resistance that the lightning current flows harmlessly through 
it to the ground. It is imperative that the conductor should 
make a good connection with the ground, this can be attained by 
carrying it along underground to a })lace where tlie soil is damp, 
and there connecting it to a big sheet of metal buried in coke ; 
a cheaper plan is to connect it with water-pipes underground, 
but it is very risky to connect to gas-pipes. 

At the upper end the conductor is provided with one or more 
sharp metal points, gilded to prevent rusting ; these were intro- 
duced by Franklin, who, indeed, first suggested the use of 
lightning conductors. The object of the points is to reduce the 
chance of the building being ‘ struck ’ at all : they act as follows : 
if a cloud strongly charged with + electricity be floating above 
the building it induces - electricity on the part of the earth 
immediately below and into the conductor itself; the ~ elec- 
tricity attracted into the points very readily escapes from them 
into the air (see p. 675), and so long as the charged cloud remains 
overhead there will be a silent stream of negative electricity 
flowing steadily from the point into the air ; thus the electricity 
of the cloud is gradually neutralised without the passage of a 
violent spark. 

Measurements of Atmospheric Electricity. — Experiment has 
shown that the air is at all times and seasons in a different 
electrical condition to the earth below it. At any time the 
potential of the air is either positive or negative compared with 
that of the earth, which we selected as zero (p. 704): when wo 
say that the potential of the air is positive we mean that there 
is a tendency for + electricity to pass from it to the earth 
(or ~ electricity from the earth to the air), and vice versd for 
negative potential. Sir William Thomson's (Lord Kelvin's) 



vt 


ATMOSPHERIC ELECTRICITY 


711 


‘ water-dropper * is the most perfect instrument for finding the 
potential of the air. A small tank of water is supported on 
an insulating glass stand. A wire from the tank leads to a pair 
of quadrants of an electrometer, keeping them at the same 
potential as tlie tank : the other pair of quadrants is connecttftl 
to the earth, and therefore at zero potential. 

When the tap is turned on, a stream of fine drops flows from 
the nozzle at the end of the projecting pipe. So long as the 
tank is at a different potential from the air surrounding the 
nozzle, the drops carry off induced electricity from it, and in 
about a minute the potentials of the air and the water become 
equal. In Fig. 49 the air is shown as having a negative iioten- 



Fig. 49. — ^Watftr-droj)por. 


tial, so that + electricity is being induced into the nozzle and 
into each drop of water just as it leaves the nozzle ; hence each 
drop of water breaks away carrying a positive charge, and this 
continual carrying away of + electricity soon brings the tank to 
the same negative potential as that of the air. 

During fine weather the air is almost always at a positive 
potential ; during wet weather it is sometimes positive, sometimes 
negative ; during snow it is almost always positive, and if the 
wind be high the potential is about twenty-five times the fine 
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weather potential. During thunder-storms it may be positive 
or negative, and as much as fifty times the normal potential. 

Sir W. Thomson found that as height increases the potential 
rises also j the rate being from to 50 volts per foot rise. 

Other Sources of Electricity 


Pyroelectricity. — This name is given to electricity produced 



Pig, 50.— Electric ray. 


in certain crystals during heating or cooling ; the effect is only 
very slight, and is best shown in tourmaline, which, when 
heated, becomes positively electrified at one end of the crystal 
and negatively electrified at the other. A crystal of tourmaline, 
suspended by a silk thread, can, when heated, be attracted or 
repelled by other electrified bodies. 

Electric Fishes. — Certain fishes are capable of giving powerful 
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electric shocks, they are provided with special organs which are 
capable of generating the electricity. The best known of these 
fish are the Ram Torpedo (the electric ray) found in the 
Mediterranean and in the Nile, and the Gymnotus Electricus 



Fig. 51.— Electric eel. 


(the electric eel) found in South America, which, when grown to 
a length of 5 or 6 feet, gives a very severe shock which will 
stun a horse; marvellous descriptions are given by the old 
geographer Humboldt of contests between horses and electric 
eels. 



VOLTAIC ELECTEICITY 

CHAPTEE I 
Electric Current 

Galvani’s Experiment — Volta’s Experiment — Voltaic Cell — Electric Current 
— Oerstedt’s Experiment — Ampere’s Rule — Fleming’s Rule — Simple Gal- 
vanometer — Resistance — Internal and External Resistance — Polarisation 
of the Cell. 

GalvanPs Experiment. — In 1790 Galvani, a professor of 
anatomy at Bologna, observed curious convulsive movements in 
the muscles of a recently killed frog when touched at different 
points by iron and copper which were in contact. These move- 
ments, resembling the muscular contractions experienced when 
a shock is taken from a Leyden jar, naturally suggested 
the idea that some electrical action was going on ; and 
the fact that Galvani observed similar contractions in dead 
frogs when affected by ordinary electric machines justified the 
assumption. 

Volta’s Experiment. — Volta very soon after proved by 
means of the ‘condensing’ electroscope that certainly some 
electric action occurs when two different metals — say zinc and 
copper — are placed in contact. The following form of his experi- 
ment is best adapted to prove this : a round copper plate (say 
1 ft. diameter) is substituted for the usual knob of a gold-leaf 
electroscope, and a similar zinc plate provided witlj a handle is 
placed on it. These plates are varnished so that they do not 
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come into^ metallic contact. The zinc plate may be lifted up and 
replaced without any effect on the leaves. If, however, the zinc 
and copper have been connected for an instant by a copper wire, 
as in the figure, we find on lifting the zinc that the gold leaves 
diverge. * A test with an ebonite rod (p. 667) shows that the 
electroscope is .charged negatively. 

Voltaic Cell. — Students of chemistry will remember that in 
order to prepare hydrogen gas, pieces of commercial zinc are 
placed, in dilute sulphuric acid ; that the zinc dissolves in the acid, 
forming sulphate of zinc, while innumerable bubbles of hydrogen 
are formed on and escape from the zinc. If, however, pure zinc 



be placed in the dilute acid, practically no chemical action takes 
place — the zinc is not dissolved, hydrogen is not evolved. 
Copper, whether pure or commercial, is not acted on by sul- 
phuric acid. 

Now take a plate of pure zinc and a plate of copper, place 
them in a glass jar containing dilute sulphuric acid (say ten parts 
water , to one part acid), no chemical action occurs. Attach to 
each plate a copper wire (either by soldering or by means of a 
‘binding screw ’ or ‘terminal,' as shown at P and N in Fig. 53). 
Now press together the ends of the two wires : immediately a 
vigorous chemical action commences, zinc fs dissolved ; bubbles 
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of hydrogen appear on the copper, but none on the zinc. This 
is an astonishing result. We perhaps need not be surprised that 
the zinc should dissolve, but it is strange that the hydrogen 
should appear on the copper instead of on the zinc, as in the 
former experiment. We are reminded of the eiperimeiA 
(p. 698) in which water being decomposed by. the passage of 
electricity, hydrogen appeared at one platinum point, having 
travelled with the + electricity, and oxygen appeared at the other 
point ; and judging from what took place in that experiment, 
we should suspect that the appearance of hydrogen on the 
copper is caused by + electricity travelling from Z to C through 
the liquid in the direction of the arrows, and - ' electricity 
travelling in the opposite direction. The hydrogen bubbles are 
generally very minute ; they cling to the surface of the copper, 
and give it a milky-white appearance, and when brushed away 
they speedily form again, provided the wires are still held 
together. 

If this bo so, the + electricity will not accumulate and 
remain on the copper, nor the - electricity on the zinc, ’ for 
the copper and zinc are connected by the wire and form a 
continuous conductor, and each will pass on its electricity to 
the other viA the wire, so that there will be a continuous flow 
or current of -h electricity from C to Z along the wire, as shown 
by the arrows, and a current of - electricity in the opposite 
direction. 

The above arrangement is called a Simple Voltaic. Cell, after 
Volta, who discovered it. The currents so produced have for 
many years been called Voltaic Electricity, Galvanic Electricity, 
or Galvanism (after Galvani), but there is no need to retain the 
names, as there is no essential difference between this and 
Frictional Electricity. 

Electric Current. — In dealing with batteries and dynamos it 
is usual to mention only the current of -h electricity, to speak of 
it as the current, and of ‘ + electricity ’ as ‘ electricity.’ This 
is merely for convenience of writing and speaking, and al- 
though we shall henceforth adopt the custom in this book, we 
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must be at all times ready to think of the equal - current flowing 
in the opposite direction. 

Instead of uniting the wires A and B directly, we may con- 
nect them by means of any wire or metallic body, and we find 
tfaat whenever there is metallic connection between C and Z, the 
chemical action, as indicated by the hydrogen bubbles, takes 
place, and whenever the metallic connection is broken the 
chemical action ceases, when the circuit is closed (or complete) 
a current passes ; when the circuit is open (or broken) no current 
passes. 

Current is measured in Amphes (see p. 772) : an incandescent 
lamp takes about | amp6re ; an arc light takes about 10 amperes. 

Since electricity passes along the wire from the terminal P 
to the terminal N, it follows that P must be maintained at a 
higher potential than N. P is usually called the positive terminal 
or positive pole of the cell, since + electricity starts out of the 
cell from P; and, conversely, N is the negative terminal or 
polo. 

This difference of potential would rapidly be destroyed by 
the passing of f electricity along the wire from P to N (and, we 
must remind the student, by the passage of - electricity from 
N to P) were there not some compensating action going on 
in the cell. There must be somewhere a pump -like action 
forcing electricity through the cell from N to Z, and through 
the liquid to C and P, lifting it up the electric ‘hill' that 
it may run through the wire down the electric ‘ slope ' from P 
to N. 

In mechanics we define force as ‘ that which moves or tends 
to move material bodies ; ' similarly in electricity we call El ectro - 
motive F orce that which tends^o move electricity. To avoid all 
possibility of confusing it with mechanical force, it is well both 
in writing and speaking to designate electromotive force by its 
initials E.M.F. 

The foregoing discussion shows that somewhere in the cell 
between P and N there is an KM.F. ; and ever since the day 
when Volta invented his cell there has been much dispute as to 
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the exact point at which the E.M.F. is situated. Volta him-" 
self believed that the E.M.F. occurred at the junction of two 
dissimilar metals, and that there was little or no E.M.F. where 
metal and liquid came in contact. The diametrically opposite 
view is now almost universally accepted, namely, that very 
little E.M.F. occurs at the junction of two metals ; and that 
considerable E,M.F. may occur at the junction of metal and 
liquid. 

We will not here give the arguments on either side, but will 
merely state that either hypothesis can bo made to explain the 
FACTS almost equally well. It shall suffice to look on the cell as 
a whole, to consider it as a sort of electric -circulating pump 
which tends continually to keep the Positive Pole at a higher 
potential than the Negative Pole. And just as in a water-circu- 
lating pump we might not trouble whether the water-motive 
force occurred at the junction of water and piston, or at this 
valve or that valve, but might be content to know that the coal 
consumed in the furnace is the source of the energy produced 
(that is, of the work done), so we must be content to know that 
the zinc consumed in the cell is the source of the electrical energy 
produced. And further, just as in any engine we must look for 
the consumption of coal, gas, petroleum, or some fuel to supjdy 
the energy, so in any electric cell (some hundreds have been 
^designed) we must look for the consumption of zinc, iron, or 
some material to supply the energy. 

It is convenient to notice here that in almost all cells zinc is 
employed in company with some other metal or carbon — the 
cells of the secondary battery being the only exception that we 
shall describe — and in all of these the Negrative Pole is attached 
to the Zinc. 

E.M.F. and Difference of Potential are measured in Volts 
(see p. 773): the E.M.F. of a Daniell cell is about 1 volt; of a 
dynamo from say 100 to 1000 volts ; of ^ Wimshurst machine, 
100,000 volts. 

Oerstedt’s Experiment. — If the wire from the voltaic cell be 
held just above and parallel to a compass needle which is at rest, 

3 A 
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then immediately the circuit is completed the needle is deflected 
{i.e. turned), as in the left of Fig. 54. 

Now after letting the needle settle to rest, hold the wire 
under and parallel to it ; on completing the circuit the needle is 
deflected in the opi)osite direction, as in the right of Fig. 54. 

Ee verse the direction of the current either by interchanging 
the ends of the wires at the terminals or by twisting the wire 



Pig. 54.— Oorstedt's experiment. 


round, the direction of deflection of the needle is in each of the 
above cases reversed. 

This effect of the current on a magnetic neisdle is of extreme 
importance, and its discovery by Oerstedt, a professor of Copen- 
hagen, in 1820, marks a new era of electrical science j for on it 
and its develoi)ments by Ampere and Faraday depends the 
working of all modern practical inventions, from telegraph and 
telephone to dynamo and motor. 

A precise knowledge of the direction in which the needle is 
deflected is so useful that we give three distinct methods of 
remembering it. 

I. Ampere’s Rule, — Think of the current as a stream of 
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water flowing along a pipe; picture a man (or doll) (Fig. 54) 
swimming forward with the stream; let him always face the 
needle, swimming on his back, or either side if necessary, then 
the North Pole of the needle is driven towards^ his Left. 
The South Pole is driven with equal force in the opposite 
direction ; hence the needle as a whole is acted on by a couple 
{i,e, a pair of equal and opposite forces). 

II. Fleming’s Rule. — Clench the right hand, then open out 



Pig, — Fhuuing’s ruhs. 


the thumb and first two fingers, as in Fig. 55, making them as 
nearly as possible at right angles to each other. Then place the 
hand so that the forefinger (index) points along the wire in the 
direction in which the current is flowing, and so that the second 
finger points to the needle, then the thumb points in the direc- 
tion in which the N. pole of the needle k driven. This rule is 
a modification of one given by Professor Fleming. 

III. Think of a common corkscrew encircling the wire. 
Twist or untwist the corkscrew so that it may travel along the 



Fij?. r/6.— Screw movement of north pole and current. 


Simple Galvanometer. — Bend a piece of stout copper wire 
into a rectangular shape as ABCD, and connect with the wires 



from a simple voltaic cell; suspend a magnet needle in the 
middle, then th^ dolls as sketched show that all four sides, AB, 
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BO, CD, DA, of the rectangle urge the N. pole in the same 
direction {viz. away from us in the picture) ; hetfce we have a 
greater couple acting on the needle than when the current merely 
flows along a straight wire above or below it, Now^ instead of 
taking one turn of wire, take several, as in Fig. 58, the current 
has to pass round each turn in succession, and each ton having 
an almost equal eflcct, we get a further increase in the couple 
acting on the needle. Thus if there be five turns the couple 
will be about five times as great as for a single turn. If a 
graduated circle* be placed under the needle, we can estimate 
roughly the amount of the current by noting through how many 
degrees the needle has turned, hence the arrangement described 



Kiji. 58.- -Simple galvanomotj^r. 


constitutes a rough Galvanometer {i.e. measurer of Galvanism, if 
we use the original name for the electric current). 

Notice that a current, however great, cannot do more than 
turn the needle through 9 O'", hence the current is not proportional 
to the deflection. For example, it would take about seven times 
as much current to deflect 80° as to deflect 40° (not twice as 
much) ; however, up to about 30°, the deflection is roughly pro- 
portional to the current. 

Later we will describe more refined galvanometers. 

Resistance. — If a long wire be inserted in the circuit — say 
between the copper and A in Fig. 57 — the current having to 
pass through this extra length of metal is, sm seems . natural, 
diminished, and in consequence the galvanometer deflection is 
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diminished also. The longer the wire is and tlie finer it is, 
the greater is* the falling off in the current. Hence it seems 
that bodies offer a passive resistance to the passage of the current 
through them. The resistance has some resemblance to the 
frictional resistance offered to the movement of ordinary matter, 
for we shall see later on that wires are heated by the passage of 
the current. The resistance also depends on the material of the 
wire ; thus, iron resists six times as much as copper, and lead twelve 
times as much as copper. It may help the student to again picture 
the current as a stream of water flowing through a i)ipe. If one 
end of the pipe be at a given difference of level, say fifty feet, 
above the other (corresponding to the given difference of potential 
between the terminals of the cell), then a short pipe will allow a 
greater flpw of water than a long one will ; and a pipe of small 
diameter will allow a loss flow than a wide ])ipe. 

Eesistance is measured in Ohms (see p. 772). The resistance 
of an average electric bell is about 15 ohms; resistance of an 
Atlantic cable about 10,000 ohms. 

Internal and External Resistance. — The whole path de- 
scribed by the current — the cell, the tern}inals, the wires, and 
any instruments through which the current passes — is called the 
circuit. The external circuit is the part of the circuit which lies 
outside the cell (i.e. everything between the terminals) : its resist- 
ance is the external resistance. 

The current having to pass through the materials within the 
cell itself meets with resistance within it: this is the internal 
resistance. 

Polarisation of the Cell. — If clean zinc and copper plates — 
the latter free from hydrogen — be placed in the cell, and the 
wires from the terminals be connected to our rough galvanometer, 
we at first get a big deflection, nearly 90° in all probability ; 
but, as the hydrogen bubbles begin to form more thickly on 
the copper, the deflection decreases rapidly, and in a few minutes 
becomes inappreciable ; the dwindling of the deflection of course 
indicates a ||rresponding dwindling of the current. If we get 
rid of the hydrogen from the copper plate by brushing it with a 
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feather, or by lifting it from the cell and wiping it, the current 
is at once restored to its original intensity. I’hfe proves con- 
clusively that the hydrogen is the cause of the currents falling 
off. The cell in its enfeebled condition is said to be Polarised. 
The polarisation results from two separate causes : (1^ we have 
seen that air is a non-conductor of electricity ; the same is true of 
hydrogen and most gases, hence when the copper is covered 
with a film of hydrogen bubbles, electricity has more difficulty in 
finding its way through the cell ; that is, the passive resistance of 
the cell is increased. (2) The hydrogen film also actively opposes 
the passage of the current, and tends to drive it back ; that is, it 
exerts a ‘back E.M.F.' (electromotive force). This is easily 
proved as follows. When the cell is thoroughly polarised, quickly 
remove the zinc plate and replace it by a clean copper plate. We 
find that the galvanometer needle is deflected in the reverse direc- 
tion, the angle turned through being almost equal to the original 
deflection ; the hydrogen gradually disai)pears from the first 
copper plate, and the current continues until all the hydrogen 
has gone. 

Notice how, in the last experiment, we have a current j)ro- 
duced vMhmt any contact of dissimilar metals ; hence such a con- 
tact is certainly not the only source of an E.M.F. 



CHAPTER II 
Voltaic Cells 

Batteries — Series — Parallel — Advantage of each Method — Bichromate Cell— 
Daniell Cell — Grove Cell — Bunsen Cell — Leclancfi^ Cell — Amalgamat 
ing Zinc. 

If either the copper or zinc of the voltaic cell (or both of them) 
be replaced by another metal we find, as a rule, that a current is 
produced ; that the E.M.F. is greatest when one plate is much 
more easily oxidisable than the other ; and that the negative 
pole is always that attached to the more oxidisable plate. We 
will in this chapter describe a few of the principal varieties of 
cell, the chief object in their design being to overcome polarisa- 
tion and to reduce internal resistance. 

Batteries. — In order to increase the current or to increase 
the E.M.F., several cells may be used connected together : we 
then call them an Elegtkic Battery. There are two principal 
methods of connecting the cells — 

(1) In Series. — The zinc of each cell is connected to the 
copper of the next, as in Fig. 59 ; the odd zinc at one end 
carries the negative pole of the battery, and the odd copper at 
the other carries the positive pole. This arrangement gives a 
greater E.M.F. than the single cell ; for example, it is easily 
seen that 7 cells give ^seven times the E.M.F. of a single cell, 
for all the cells push in the same direction one behind the other. 
The rise of E.M.F. from 0 to 4 volts is shown in Fig. 59. 

But since the whole current has to pass through each cell in 
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succession it meets with seven times as much resistance ; that is, 
the ‘ internal resistance ^ of the battery is seven times* the internal 
resistance of a single cell. 

(2) In Parallel. — All the zincs are connected together and to 
the negative terminal : all the co 2 )|)ers are connected* together 
and to the positive terminal. Hence all the zincs are at the 
same potential and all the coppers at the same potential, and we 
only have the same E.M.F. as for a single cell ; but on the other 
hand, only a fraction of the current of the external circuit has to 
pass through each cell : thus if there be 7 cells, J of the current 
passes through each cell, hence the Hntemal resistance^ of the 
battery is only ^ the resistance of a single cell. 

Advantage of Each Method. — The current in the circuit 
depends not on the external resistance alone, but on the sum of 
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Fig. 5U. — Cells in series. 



the internal and external resistances ; hence when the external 
resistance is high, say 100 ohms or more, it makes little difference 
whether 1 ohm or 7 ohms bo added as internal resistance, but 
an increase of E.M.F. would greatly increase the current ; there- 
fore with high external resistance we use the cells ‘ in Series.’ 

If the external resistance be low, say 1 ohm or less, then it 
makes a great difference whether we add ^ ohm, 1 ohm, or 7 
ohms internal resistance, far more than would be compensated 
for by the increased E.M.F. of the battery in series ; therefore 
with low external resistance we use cells ‘ in Parallel.’ 

A combination of the two methods is often used in connect- 
ing up the cells of a battery ; they are jiut ‘ part in series, part 
in parallel.’ To obtain the greatest possible current the resist- 
ance of the^ battery should, if possible, be made equal to the 
external resistance. 
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Bichromsi^te Cell. — In this cell the copper plate is replaced 
by carbon — *a very hard form called retort-carbon is used, it is 
formed in the retorts of gas-works, and can be sawn into plates 
and rods. In the dilute sulphuric acid are dissolved crystals of 
•bichromate of j>otash (K^Cr^O-), a convenient proportion for the 
liquid being 20 parts water, 2 parts bichromate, 1 part acid. 
This cell was invented by Poggcndorf ; in it polarisation is 
prevented by the powerful oxidis- 
ing action of the solution. Bichro- 
mate of potash — as the chemical 
formula shows — contains an exces- 
sive proportion of oxygen, which 
seizes on the hydrogen at the car- 
bon plate before there is time to 
form a polarising film of bubbles. 

Bichromate batteries made in 
bottle form are very convenient 
for amateurs making occasional 
experiments. Usually they have 
two carbon plates connected at the 
top and placed one on each side of 
tlie zinc, thus reducing internal 
resistance : the zinc plate is fixed 
to a rod so that it can be drawn 
out of the liquid and not be acted 
upon when the cell is out of use. 
E.M.F., 1*8 to 2*3 volts. 

Fig. 61.- Bichromate cell. Internal Kcsistaiice for cells of 

ordinary sizes, *3 to *7 ohm. 

Daniell Cell. — The metals used are zinc and copper, as in the 
simple Voltaic Cell : in the variety which we describe the copper 
is formed into a tall jar and contains a saturated solution of 
copper sulphate (blu^ vitriol CuSOJ ; within this is placed a 
porous (i.e. unglazed) pot containing a zinc plate immersed in 
dilute sulphuric acid. The object of the porous pQt is to keep 
the two liquids from mixing, for if any copper sulphate makes 
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its way to the zinc plate it immediately acts on it, precipitating 
metallic copper and dissolving the zinc wastefully to form zinc 
sulphate. 

When the circuit is closed, the sulphuric acid in the porous 
jpot acts on the zinc and forms zinc sulphate ; the hydrogen 
from the acid travels through the cell with the current to 
the porous pot, and there meeting with the co])per sulphate 
it exchanges places with the copper ; hydrogen sulphate {ie. 
sulphuric acid H^SO^) is formed and copper set free, the latter 
continues the journey with the current and is dei)Osited on the 



Fig. Daniell cell. 

outer copper cell. Hence instead of polarising bubbles being 
formed on the copper, its thickness is increased by the deposited 
copper. 

A copper ring is placed inside the top of the cell and forms a 
tray in which are put crystals of copper suljihate : these dissolve 
in the solution and keep it saturated during the working of the 
cell. 

Batteries of Daniell cells are very useful for heavy telegraph 
work, and in all cases where a current is wanted continuously : 
they can be worked for hours without any practical falling off 
of E.M.F, In both Leclanch^ and Daniell cells the current has 
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to pass through a porous pot, hence the internal resistance is 
higher than in the bichromate cell. 

E.M.F., from 1 volt to 1*1 volt. Internal Resistance for 
cells of ordinary sizes *5 to 1 ohm. 

GpoVe Cell. — The metals used are zinc and platinum. An 
outer glazed cell A contains dilute sulphuric acid, in which is 
immersed the zinc C cast in the shape shown in Fig. 63, so as 
to lap round both sides of a flat inner porous, cell B : the latter 



Fig. 03. — drove cell. 


contains strong nitric acid in which the platinum plate D is 
immersed. 

Nitric acid (HNO 3 ) ^ powerful oxidising agent ; it prevents 
the formation of a polarising film of hydrogen bubbles on the 
platinum, since its surplus oxygen combines with the hydrogen 
to form water ; at the same time it gives off pungent red fumes 
of nitrogen trioxide (NgOg), which partly dissolve in the nitric 
acid, giving it a murky blue colour. Grove cells are invaluable 
for laboratory use, since their internal resistance is low and 
E.M.F. high ; a battery of five or six Groves will maintain a big 
current for two or three hours without any appreciable falling 
off. The main objection is their first cost, platinum being now 
as valuable as gold (copper cannot be used, as it would bo 
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immediately attacked and destroyed by the acid ) ; the objection- 
able fumes which eat into any metal near the battery are a 
further disadvantage. 

E.M.F., 1*9 volt. Internal Resistance, *15 to *25 ohm. 

Bunsen Cell. — Bunsen, to reduce the first cost of Ihe cell,* 
used a carbon rod in place of 
the platinum plate ; the cell is 
not quite so convenient as the 
Grove cell. The usual form of 
Bunsen cell is shown in Fig. 64. 

E.M.F., 1*95 volt. 

Leclanehe Cell. — The cop- 
per is again replaced by a 
carbon plate: the liquid used 
is a solution of salammoniac 
(ammonium chloride NH^Cl) 
with no free acid. The ab- 
sence of acid is an immediate 
advantage, for the zinc does 
not dissolve when the current 
is not passing, hence the battery 
may be left standing for any length of time without removing 
the zinc. In one form of the cell the carbon plate is placed in 
a porous (z.e, unglazed) earthenware pot and packed in with a 
pounded mass of carbon and black oxide of Manganese (MnOg) : 
in other cells black oxide and pounded carbon are mixed together 
and converted into solid blocks, which are grouped round the 
carbon plate (Fig. 65). 

In the Navy pattern, the porous pot is replaced by a bag of 
‘ fearnought,’ which is a thick felt. 

Polarisation is prevented by the power of absorbing gases 
possessed by carbon. The hydrogen set free by the current, in- 
stead of forming bubbles, is absorbed by the carbon. There is of 
course a limit to the absorbent capacity of carbon ; hence if the 
current be allowed to flow continuously for more than a few 
minutes, the carbon gets saturated, bubbles are formed, the cell 



Fig. G4.— Bunseii cell. 
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is polarised, and the current dies away. If the cell be now left 
for some time with ‘open* circuit, it gradually recovers its 
strength, since the excess oxygen in the black oxide is able to 
combine slowly with the dissolved hydrogen. 

Leclknche batteries are very useful for working electric bells, 
telephones, and branch telegraph lines. They are used in the Navy 
for firing submarine mines, etc. Their length of life depends on 
good treatment, especially good insulation ; the writer has had 



Fig. 65. — Loclaiich6 cell. 


a pair of cells working a bell regularly for nine years, the only 
attention required being the annual addition of a little water. 
E.M.F., 1 *5 volt. Internal Resistance, *5 to 2 ohmsi 
Secondary Batteries. — See p. 744 for description. 
Amalgramatingr Zinc. — At the beginning of Chap. I. we 
remarked that pure zinc does not dissolve in dilute sulphuric 
acid, but that commercial zinc is rapidly dissolved. The reason 
for this is probably <?>s follows : in the commercial zinc any 
impure particle behaves as though it were a different metal from 
the purer particles which surround it, but both the impure and 
the 2)^*6 particles at the surface of the zinc are in contact with 
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acid and also are in contact with each other ; hence their posi- 
tion resembles that of the copper and pure zinc in a simple 
Voltaic cell when connected by a very short wire, and a current 
of electricity flows round the minute circuit which they form. 
This action goes on at many places on the surface of the zinc, it, 
is called Local Action, and causes the zinc to be eaten away at 
some points more than others, so that its surface becomes pitted 
all over with small holes. 

The expense of preparing chemically pure zinc makes it out 
of the question to use it in electric batteries, but fortunately it 
has been found that when the surface of commercial zinc is 
amalgamated with mercury it behaves in a battery quite as well 
as pure zinc. To amalgamate zinc it is only necessary first to 
clean the surface well and then, placing the zinc with a little 
dilute acid and some mercury in a flat dish, to rub the mercury 
well into the surface of the zinc with the help of a soft pad. 
The amalgamated surface is clean and silvery, it consists of a 
pasty mixture of zinc and mercury, for zinc dissolves in mercury ; 
the protection it affords is probably due to the uniformity of this 
pasty layer, any particles, say, of iron impurities being insoluble 
in mercury and rubbed away during amalgamation. 



CHAPTER III 

Properties of the Electric Current 

Chemical Action — Electrolysis — Decomposition of Water — of Copper Sul- 
phate — Electroj)lating — Laws of Electrolysis — Table of Electrochemical 
Equivalents. 

Chemical Action. — We have seen that chemical action accom- 
panies the passage of the current through the cell ; experiment 
shows that any liquid is decomposed by the electric current pass- 
ing through it. An exception must be made in the case of 
chemical elements such as mercury and other molten metals — 
not being compound they cannot be ‘decompounded.^ Some 
liquids, such as turpentine and petroleum, arc non-conductors, and 
we need not answer the Dundreary-like question, ‘ What would 
happen if they did conduct ] ’ 

Electrolysis. — Faraday, to whom our knowledge of this branch 
of electricity is mainly due, gave the name electrolysis {kva-is, lusis^ 
a loosening) to this process of splitting up or decomposing a liquid : 
the liquid ‘ electrolysed ^ ho called an electrolyte (Auctv, to loose) : 
the metallic plate or end of wire which leads the current into 
tlje electrolyte he called the amde (ie, path up the current) : that 
which l§ads it from the electrolyte he called the cathode (ie, path 
down the current), and each of them he also called an electrode 
(f.e, path for the eloctrjcity) : the apparatus in which electrolysis 
occurs is called an electrolytic cell. 

Decomposition of Water. — Small strips of platinum foil, 
to serve as electrodes, are attached to the ends of two platinum 
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wires : the wires are passed through fine glass tubes G whose 
lower ends are turned up and sealed so that the cuiyent can only 
escape to or from the electrodes by way of the plates or the short 
lengtn of wire which is left exposed close to the plates. 

Two wider tubes H, O, say 1 *5 cm. (or J inch) diaifleter and 
20 cm. (8 inch) long, are filled with water and, the ends being 
temporarily closed by the thumb, are inverted and placed in 





Fig. 06.— DecouipoMitioii of water by cuiTeni. 

the water in the trough S 3 they are then placed one over each 
electrode. 

When the wires arc connected with the poles of a battery 
of three or four cells, the water is rapidly decomposed : oxygen 
appears at the anode and bubbles up into the tube above it, while 
hydrogen travelling with the current bubbles into the tube at 
the cathode. The volume of hydrogen collected is found to%e 
double that of the oxygen, thus verifying the well-known chemi- 
cal formula for water HgO. 

Pure water conducts badly ; a few ^rops of sulphuric acid 
should be put into it to improve the conduction. Platinum has 
a great power of occluding (literally hiding, Le, absorbing) gases, 

3 B 
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especially hydrogen : hence it is well to let the bubbling con- 
tinue some ;bime before collecting the gases in H, 0, so that the 
occlusion may be complete before any measurement is made. 
To identify the oxygen, put a match with the end still glowing 
finto the* tube ; the match bursts into flame. To identify the 
hydrogen set fire to it at the mouth of the tube. 

Decomposition of Copper Sulphate. — If crystals of copper 
sulphate bo dissolved in the water of the electrolytic cell the 
sulphate is decomposed when the current passes ; copper is 
deposited on the platinum cathode, and oxygen bubbles are 
liberated at the anode ; at the same time the liquid near the 
anode loses its blue colour, owing to the accumulation of the free 
sulphuric acid which has been robbed of its copper. 

If, instead of platinum, we use a plate of copper for the 
anode, no free acid is formed, but the copper is eaten away, the 
same weight being dissolved at the anode ^as is deposited at the 
cathode. 

The decomposition of sulphate or other salts of copper is 
utilised for many practical purposes. The earliest of these 
applications was made about 1831) in the invention of electro- 
typing^ a method of taking exact copies of coins, engraved blocks, 
engravings of pictures, etc. 

To copy a coin, a mould of paraffin wax, gutta-percha, or 
some special mixture is first prepared. A wax mould may be 
taken as follows : having slightly oiled the coin, wrap a piece of 
stiff paper about an inch deep round the rim and fasten with 
sealing-wax ; warm the coin thoroughly and pour melted wax 
(not too hot) into this paper cup ; when the wax has solidified 
it should be left for some hours in a cold place to become quite 
hgrd, before the coin is removed. 

The impression is now carefully coated with fine black lead 
worked into it with a camel-hair brush, to render the surface 
conducting. Wax is a ^non-conductor, but black lead (which, we 
may remind the student, is merely graphite or pure carbon, and 
contains no lead whatever) conducts fairly well. An insulated 
copper wire is twisted round the mould to hold it, one bare end 
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being bent to press lightly on the front of the impression, and 
the other forming a hook for hanging the mould in the liquid. 
Wires from the poles of a single Daniell cell are connected to 
two copper bars, which are laid across a bath containing a 
solution of copper sulphate ; a copper plate is hung fr(5m the ^ 
bar and the mould from the - bar; the mould with its black- 
lead coat, being the cathode, receives a deposit of copper, while 
the copper anode is eaten away ; after a few hours tlu^ deposited 



, Fi}'. <17.— Blw-trotypiii};. 

copper is thick enough to be removed, and a perfect reproduction 
of one face of the coin has been obtained. 

Electric deposition is now employed on a large scale for the 
refinement of copper which has been extracted from its ores in a 
crude impure condition. The current required is obtained from 
dynamos (described later) instead of from batteries, but Jhe 
principle of deposition is the same. A large slab of the impure 
metal is used as anode. The pure copper is deposited at the 
cathode, nearly all the impurities beings separated at the anode 
fall to the bottom as a dirty powder ; for example, any lead is 
converted into sulphate of lead which is insoluble ; a little hydro- 
chloric acid (HCl) is put into the liquid, so that any silver eaten 
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away from tlie anode is converted into silver chloride (AgCl), 
which is insoluble. 

This process is specially well adapted for the manufacture of 
copper tubes, as the copper can be deposited on cylindrical cores, 
jrhich are subsequently withdrawn and leave a weldless tube ; 
if the copper be burnished continuously during deposition its* 
tenacity is greatly increased. 

Electroplating. — Before the great development of electric 
deposition in the year 1840, metals could be silvered or gilded 
only by cumbersome and expensive processes, which involved 
the use of amalgams of silver or gold {Le» mercury with silver or 
gold dissolved in it), and were dangerous to workmen. About 
1840 Messrs. Elkington and others succeeded in covering base, 
metals electrically with coats of silver or gold, that is, they 
invented ekrtroplaiing. The two chief difficulties to be overcome 
were, firstly, to find a salt of silver which would give a smooth 
regular non -crystalline deposit; and next, to secure a deposit 
which would adhere well to the base metal, and stand polishing 
without blistering or peeling off*. 

Silver Cyanide (AgCN) has been found to be the most suitable 
salt of silver. It is insoluble in water, but the addition of cyanide 
of potassium (KCN) to the water makes it dissolve readily. 
Many and various recipes are used by different electroplaters. 
The following is a good proportion for amateur work : ‘ 1 part 
AgCN, 4 parts KCN, 100 parts water.^ 

Perfect adhesion of the deposit can only be secured by the 
article which is to receive it being thoroughly clean. The cleaning 
of copper, brass, etc., is effected jis follows : (1) place for a few 
minutes in a strong boiling solution of caustic potash, this is to 
remove grease ; (2) swill well in clean water ; (3) dip into dilute 
sulphuric acid ; (4) rinse again ; (5) dip for a second or two 
into strong nitric acid ; (6) immediately rinse well in clean water 
till all trace of acid is removed : after the cleaning, care must be 
taken not to handle the articles, for the slightest greasiness thus 
acquired will cause the deposit to peel. 

Tho method of depositing is the same as for copper; the 
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articles to be plated are suspended in a batli or vat of silver 
solution, they are connected to the negative pole ‘of a battery, 
thus forming the cathode for the current. A plate of silver is 
connected to the positive pole and forms the anode. 

Special precautions have to be taken to make the silvel* 
‘ take ' on places which have been soldered. Iron and steel can 
only be satisfactorily plated if first coated with copper, for which 
cyanide of copper dissolved in water containing cyanide of 
potassium may be used. 

For electrogilding a solution of cyanide of gold in cyanide of 
potassium and water is used. 

In all cases of jdating the deposit must be formed slowly, 
otherwise it becomes irregular and of bad colour ; an excessive 
current will deposit the metal as a dark loose powder ; a good 
coat of silver takes from twelve to forty- eight hours to be 
deposited. 

Laws of Electrolysis. — If several similar electrolytic cells, 
say of copper sulphate, be placed in series so that the same current 
passes through each in turn, we find, by weighing the cathode 
before and after, that the same weight of copper is deposited in 
each ; or if water cells be used the same volume of hydrogen is 
set free in each. These results we might have expected, but an 
important an^ unexpected result is obtained when the current 
is passed through a series of cells containing different liquids — 
say (1) acidulated water, (2) nitrate of silver, (3) cyanide of 
silver, (4) copper sulphate, (5) copper acetate, (6) zinc sulphate — 
namely, the same weight of silver is deposited in each silver 
cell — whether from nitrate or cyanide — and the same weight of 
copper in each copper cell, whether from sulplfate or acetate ; 
and on comparing the weights of the different metals we find 
that for each gramme of hydrogen set free there are deposited 
108 grammes silver, 31*5 Q of 63) grammes copper, 32*5 of 
65) grammes zinc. 

The chemical student will at once see the connection of these 
numbers with ‘atomic weights,’ but to the non-chemist we "must 
explain that to every element (i.e, simple, non-compound sub- 
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stance) a number can be assigned which is proportional to the 
weight of an Stom of th(i element ; and since every molecule of a 
compound substance is built up of atoms of its constituents, it 
follows that the weights of the elements contained in any com- 
jSound must be proportional to these numbers (or to some simple 
multiple of them) ; for example, a molecule of water HgO being 
built up of two atoms of hydrogen (atomic weight 1 ) and one, 
atom of oxygen (atomic weight 1 G), the weights of hydrogen and 
of oxygen are in proportion 2 x 1 to 1 6 : a molecule of copper 
sulphate CuSO^ being built up of 1 atom copper (atomic weight 
63), 1 atom sulphur (32), and 4 atoms oxygen, the weights of 
copper, sulphur, and oxygen in the sulphate are proportional to 
63, 32, and 4x16. 

Again, the difierence between nitric acid HNO 3 and silver 
nitrate AgNOg is that an atom of hydrogen has been turned out 
of each molecule of acid and replaced by an atom of silver, hence 
an atom of hydrogen and an atom of silver are chemically 
equivalent to (worth as much as) each otlier. 

Similarly, comparing sulphuric acid and copper 

sulphate CuSO^, we see that two atoms of hydrogen are equivalent 
to om atom of copper. 

Hence 1 gramme of hydrogen is equivalent to 108 grammes 
silver and to J of 63 grammes copper. 

Our experiment, therefore, proves that the weights of the 
different elements set free hy the same current are prirportimml to their 
chemicxd equivalents. 

And remembering that the chemical equivalents are propor- 
tional to the weights of the atoms, it follows that when a CMrrent 
passes through several cells in succession it causes the same number of 
atoms to he deposited in each cell ; except that in the case of copper^ 
zinCy leady etc. (dyads), we have me half the number of atoms ; with 
gold, aluminium (triads) one-third the number, and often with 
tin one-quarter the number. 

This remarkable result has suggested the idea that it is rfoi 
merefy by coincidence that electricity and matter travel together 
through the liquid, but that electricity is actually carried by the 
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matter, each atom taking with it its own charge and giving it up 
to the cathode (or anode); in other words, electricity travels 
through electrolytes by convection (as heat travels through 
liquids by convection). The evidence in favour of this view is 
rapidly accumulating. 

Metals and hydrogen, which carry + electricity, are called 
Electropositive (Faraday called them Rations — JFcinderers down 
stream). 

Oxygen, chlorine, iodine, etc., which carry - electricity, are 
called Electronegative (or Anions — IFanderers up stream). 

The weights of oxygen, etc., set free at the anodes are also 
proportional to their chemical equivalents. 


Table of Electrochemical Equivalents 






F3(‘(*,tr()clnjniif,nl EquivaUnits. 

Kloment. 

At<»ml<‘ 

Valency. 

Clieinical 

Kquivahiiii. 

(Jraminns de- 
pt ),sitf!<l per see. 
by 1 ain]>ere. 

OrairiH de- 
poslte,d pm* lir. 
by 1 anip»‘ro. 

Electropositive 
Hydrogefi . 

1 

1 

1 

• 00001038 ^ 

•576 

Potassium . 

39*03 

1 

39-03 

•000405 

22-5 

Gold . 

196-2 

3 

65-4 

•000679 

37-7 

Silver 

107-7 

! 1 

107-7 I 

•001118 

62-0 

Copper (cupric) . , 

63-18 


31 -59 

•000328 

18-2 

,, (cuprous) 

63-18 

i 1 

63-18 • 

•000656 

36-4 

Till (stannic) 

117-4 

! 4 

29-3 

•000305 

16-9 

,, (stannous) . 

117-4 i 

2 

, 68-7 

•000609 

33-9 

Iron (ferrous) 

5 , 6-88 

i 2 

27-94 

•000290 

16-1 

Nickel 

58-6 

2 

29-3 

•000304 

16-8 

Zinc . 

54-88 

2 

32-44 

•000337 

1 18-6 

Lead . 

206-4 

2 

103-2 

• 00107 r 

59-5 

Aluminium 

27-04 

3 

9-01 

•000093 

1 5-19 


•116 cubic centimetres. 



CHAPTER IV 
Secondary Batteries 

Polarised cell — Charging — Discharging — Formation of Cell : Plant(5’s Method 
— Faure’s method — E. P.B. Cell — Function of Secondary Batteries. 


Polarised Cell. — We saw on p. 725 how a copper plate 
which had become coated with hydrogen, or had as we de- 
scribed it, become ‘ polarised ^ by the passage of a current 
through a cell, could be used in company with a clean copper 
plate to produce a current in the opposite direction to the 
original current. Facts similar -to this were utilised by Plante 
and Faure, and led to the construction of secondary batteries, 
in which lead plates were deliberately ‘polarised’ in order 
that they might subsequently yield a reversed or secondary 
current. 

Charging. — To understand the action of a secondary battery 
let us first consider the behaviour of a cell in which two lead 
plates, A, B (Fig. 68 ) dip into dilute sulphuric acid. If a battery 
(or dynamo) be connected up to the terminals P and N on the 
plates so that a current passes from the anode A through the liquid 
to the kathode B, hydrogen is set free on B, the greater part 
escaping in the form of bubbles, and oxygen is set free on A. 
The oxygen, however, instead of escaping in bubbles is able to 
attack and eat into thg lead plate, covering it with a reddish 
brown coat of peroxide of lead PbOg, for oxygen in its nascent 
(new born) condition is far more active than at other times ; after 
a time the peroxide coating becomes so thick as to prevent the 
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lend beneath it fj*oin being further attacked, the oxygen then 
escapes in bubbles. 

Discharging. — If now the battery be disconnected and the 
terminals P and N connected 
directly by a wire, a current 
flows through the cell in the 
opposite direction to what it 
did previously ; the terminal 
P thus becomes the positive 
and N the negative terminal 
of the cell. As this current 
flows, hydrogen makes its way 
to the plate A, and, combining 
with the oxygen of its per- 
oxide coating, it gradually 
deoxidises it, reducing some of it to metallic lead in a porous 
spongy condition : on the other hand oxygen makes, its way to 
the plate B and covers it with peroxide ; as this process goes on, 
the strength of the current falls ofl* and finally it dies away 
when both plates are coated equally with peroxide. The cell is 
now ‘discharged.’ 

Formation of Cell — Plantd’s Method. — If the battery be 
again connected to P and K, but in the opposite direction to the 
first connection, the current passes in the same way as during the 
‘discharging’ process, hence the oxidisation of the plate B is 
carried further, and tiie deoxidisation of the plate A continues 
until its peroxide coat is entirely reduced to spongy lead. The 
cell may now be ‘ discharged ’ as before by connecting a wire 
from P to N, but in this case N acts as positive ferminaL 

The process of ‘ charging ’ and ‘ discharging ’ being repeated 
many times it is found that the time before oxygen bubbles 
appear on the positive plate during charging gradually increases ; 
hence the coatings of peroxide on one pJate and of spongy lead 
on the other increase, with the result that the discharge current 
also lasts longer. 

Th# chemical actions in the cells are not, in fact, so simple as 



744 


ELECTRICITY— VOLTAIC 


CHAP. 


described above, for a considerable amount of lead sulphate 
(PbSO^) and of lead monoxide (P1>0) are also formed, and this 
introduces complications into which we cannot enter here. 

This method of ‘formation’ of the cell was devised by Plant(^, 
who was the first to construct a secondary cell of practical utility. 
It is, however, a tedious process. 

Faure’s Method. — In 1881 Paure introduced the improve- 
ment of coating the lead plates at the outset witli a paste made 
up of red lead (Pb^O^) and dilute sulphuric acid ; the charging 
process and the direct chemical action of the sulphuric acid 


A A 

I ! 



Fig. (59. — Lead grill and rake of coinj)rc8Bed oxide. 


on the red lead quickly produce the same condition of the 
plates as was obtained by the Planted process. 

A very serious drawback to the Planted and Faure cells is that 
the coatings of the plates peel off after the cells have been in use 
for a short time. Recent improvements have been made to 
lengthen the life of the cell. 

E.P.S. Cell. — A good type of a secondary battery now in 
use is the E.P.S. (Electric Power Storage) cell; in it the 
lead plates ^are replaced by leaden grills or gratings, as in 
Fig. 69. Each hole in the grill is filled with a cake of com- 
pressed oxide of lead, the holes being shaped so as to prevent the 


IV 


vSECONDARY BATTERIES . 


745 


cakes irom falling out. A complete cell is shown in Fig. 70 ; 
instead of a single pair of plates it has live grills iftiited at the 
top by the lead bar to which the positive terminal is attached, 
and six grills also united by a lead bar to Avhich the negative 
terimnal is attached ; the effect is the same as that of a pair of 
jdates of five or six times the size of a single one, hence the 



Fig. 70.— E.P.S. coll. 


cell has a very low internal resistance (about *001 to *002 of an 
ohm). The liquid in the cell is dilute sulphuric acid. 

Function of Secondary Batteries. — Originally, secondary 
batteries were called accumulators or storage batteries, because 
it seemed as if electricity was accumulated or stored up in them ; 
the account we have given of them shows, however, that their 
real function is to transform electricad energy into chemical 
energy during the so-called ‘ charging ^ ; and subsequently at 
any desired time to reconvert this chemical into electrical energy. 

Secondary batteries are very useful for electric lighting 
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where an engine and dynamo are available for charging ^during 
the day, butf where it is not desired to keep the engine running 
during the night; or again, for electric launches or carriages 
where the batteries' may be charged at fixed stations and the 
'current from the batteries can be used to drive a motor during 
the journey from one station to another. 

They possess, however, two drawbacks ; they are heavy, and 
they are not economical. The lack of economy arises in two 
ways : first, a higher E.M.F. is needed during charging than the 
cell gives while discharging [about 2'1 to 2 '5 volts during charge 
and 2 to 1 '85 volts during discharge], and secondly, if the current 
during ‘ discharge ’ be the same as during ‘ charge ^ it will last 
for a shorter time than the charging process occupied. On an 
average, about 30 per cent of the work done during the 
charge is wasted, the remaining 70 per cent being available 
for doing work during the discharge. 
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Lines of Force due to Current— Current round a Loop — Solenoid — De la 
Rive’s Floating Battery— Electromagnet — Electric Bells— Bell Fusli — 
Action of one Current on Another — Ampere’s Stand — Roguet’s Vibrating 
Spiral — Maxwell and Faraday’s Treatment of Electromagnetism. 

Lines iK>f Force due to Current — Consider a straight wire 
AB carrying a current, and a circle PQR surrounding the wire ; 
a direct application of Amjtere’s or Fleming’s rule shows that a 



N. pole of a magnet placed at any point on the# circle is acted 
on by a force tending to drive it round the circle in the direction 
of the arrows. Remember that we cannot get a magnet with a 
N. pole only, and that as the S. pole is urged in the reverse 
direction, we can never hope to see a JT. pole careering along 
the circle round and round the wire ; the utmost that can happen 
to an actual magnet is to twist round till it is at right angles 
to the wire, as SN in Fig. 71, then the pull on the N. pole is 
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directly opposed to the pull on the S. ; if the magnet be longer in 
proportion to its distance from the wire (as S'N') the two pulls 
will be inclined to each other (instead of directly opposite), and 
therefore they will have a resultant tending to pull the magnet 
as a whole nearer to the wire. 

Hence a mre carrying an electric current is surrounded hy circular 
lines of {magnetic) force, and the direction of the current and of tJie^ 
lines of force are connected in the same way as the turning ami driving 
in of a common right-handed screw (Fig. 7 2). 

The lines of force can be shown by passing a powerful current, 
say ten amperes, along a stout wire which has been stuck at 
right angles through a sheet of paper — or better, through a hole 
drilled in a sheet of glass — iron filings sprinkled on the sheet 




Pi _ f Current in direction ‘ Hand to Screw, 
rife- < — ^ Lines of force in direction of twist, 

arrange themselves, when the sheet is tapped, in circles with the 
wire for centre. 

The resultant attraction on a complete magnet may be shown 
by the pretty experiment represented in Fig. 73. SN is a 
magnetised sewing needle floating on water ; an insulated wire 
is bent over the edge of the bowl and then brought up vertically 
at the centre ; 'when a current of three or four amperes is passed 
through the wire, the needle is drawn towards it ; if the direction 
of the current in the wire be then reversed, the needle is first 
repelled, then it twists round with a graceful movement and 
finally is again attracted to the wire. It should be noticed that 
the middle of the needle comes up to the wire, not the point or 
the eye ; hence it is tlie resultant of the forces on the two poles 
which causes the movement, not a direct attraction on either pole. 
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Current round a Loop. — If the wire along which the current 
passes be bent into a loop, the lines of force which encircle it 
will appear as in Fig. 7 4. For the sake of clearness in tlie figure 
•we have imagined the loop closed by a disc of cardboard. TJic 
lines of force show that a N. polo placed anywhere just ip 



Fig. 73.— N«?ecile attracted by current. 


front of the card is driven forward towards us — i,e, away from 
the card, while a K pole placed just behind the card is also 
urged forward towards us — Le. 
towards the card. Now if we had 
a steel disc of the samO'size as the 
^oop, and if it were magnetised so 
that the whole front surface was 
a N. pole, and the whole back 
surface a S. pole, this magnetised 
disc would act on a N. pole in 
exactly the same way as does the 

. , , Fig. 74.— Lines of force due to a loon. 

current in our loop. ^ 

Notice that in the figure the current is flowing round the loop 
anti-clockwise ; hence an electnc current flowing round a wire loop is 
equivalent to a flat magnetised disc {lamina) of the same size as the 
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loop^ the N, of the disc being on that face rowid which the 
current appears to flow anti-clockwise. 

Solenoid. — Now bend the wire conveying the current into a 
spiral shape ; each turn of the spiral is practically such a loop as 



that just described, and is therefore equivalent to a magnetised 
disc ; and the whole spiral is equivalent to a set of such discs all 

with their N. poles facing to 
the left (Fig. 7 6) and. S. poles 
facing to the right ; the alter- 
nate N. and S. poles neutralise 

KiK.76._Kq«ival.nitinag..cti»«MlHC8. external 

action is concerned), and there remains an unneutralised N. pole 
at one end and an unneutralised S. pole at the other. 

A spiral wire carrying a current of electricity is called a Solenoid ; 
it is equivalent to a imgnetised rod so far as concerns its action on 
bodies outside the spiral. 

Notice that we decide which end of the spiral will be N. and 
which S., not from the way of winding the spiral, hut by observing 
which way the current flows round. If the current be reversed 
the poles are reversed, although the spiral itself is unchanged. 

The circles N. and S. in Fig. 75 show how, looking at 
one end of the spiral, the current seems to flow ‘clockwise,' and 
looking at the other end it appears to flow ‘anti-clockwise.' 
There is, however, one important difference between a solenoid 
and a magnetised rod, viz., a N. pole can pass through and is 
attracted through the interwr of a solenoid, i.e, the' magnetic 
lines of force pass through the solenoid ; but a n\agnetised rod 
being solid does notf permit anything to pass through its interior. 
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Fig. 77 shows a section of solenoid witl/its lines of force. 
The magnetic forces due simply to an electsic current are 



Fi{». 77. — Softion of .soh'uoui its lines of f^nr*). 


comjmratively feeble ; hence to ensure successful experiments "it 
is advisable to use a big current — 10 to 20 ampt'ires. 

De la Rive’s Floating Battery. — This arrangement was 
designed by De la Eive to show the action of a solenoid. 



Fig. 78.— Floating battery. 


A plate of copper and one of amalgamated zinc are fixed 

near to one another in a big test tube which is about half full of 

3 o 
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dilute sulphuric acid ; stout wires from the plates pass through a 
cork, and are continued above in a spiral of wire as shown in Fig. 
78. The whole is floated in a trough of water, a little mercurj'' 
being put into the tube to make it float upright. The current 
smarting from the copper flows through the spiral wire ]>ack to 
the zinc. The spiral thus behaves like a bar-magnet with red 



Fig. 79.— Small electroinagnet. 


pole at N, and will set itself pointing N. and S. just like a 
compass needle. Occasionally this turning is sluggish and 
undecided, but the attrj^ction and repulsion caused by presenting 
the poles of a bar-magnet to S. or N. are always well marked. 

Eleetromagnet. — If a rod of soft iron be placed within a 
solenoid, the rod becomes magnetised by magnetic induction 
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whenever the current passes; consequently the whole acts as a 
much more powerful magnet than the spiral witliout tlie iron 
(p. 629). I)e la Kive’s floating battery will turn N. and S. 



Fig. SO.— -Large electromagnet. 


without any hesitation when an iron rod is slipped into it. In 
doing this, however, care must be taken not to let the iron 
touch the wire of the spiral, for the current would then take 
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a short-cut through the iron from one turn of wire to the next 
instead of gofhg round the spiral. Such a short-cut is^ called 
a short circuit, and has to be guarded against in all electrical 
experiments. So when a battery or dynamo ha^ its terminals 
c&nnected by a wire of small resistance, it is said to be short 
circuited. 

,We can prevent a short circuit in the solenoid either by 
folding the iron in paper or by using an insulated wire (covered 
with silk, cotton, or gutta-percha) to form the spiral. 

When insulated wire is used, the spiral can be wound closely 
round an iron core, and, if several layers of wire be wound on to 
the core, the effect of a given current is much increased. The 
iron core wound round with insulated wire is called an Electro- 
magnet. They may be shaped as bar-magnets or as horse-shoe 
magnets. 

The magnet of Fig. 79 when supplied with current from a 
battery of three Grove cells will support about two hundred- 
weight hanging from the hook on the armature, while the 
powerful magnet of Fig. 80, if supplied with a current from a 
dynamo, could exert a force of many tons-weight. 

Electric Bells. — We are now in a position to understand the 
action of an electric bell, a very simple and interesting application 
of an electromagnet to practical use. 

An electromagnet M is fixed so that it can attract an iron 
armature A, and this is attached to a spring S, which carries a 
hammer H. The hammer strikes the gong whenever a current 
passes through the electromagnet. One end of the wire from 
the electromagnet is connected direct to the binding screw T ; 
the other end is connected to the spring S, so that an electric 
current entering the bell at T will pass through the coils of M, 
and thence to the spring. At C a screw provided with a 
platinum point is adjusted so that the spring S presses lightly 
against it when at rest.^- The screw works in a brass block which 
is connected with the other binding screw T', so that the current 
makes its way from the hammer spring to T' by way of the 
‘contact’ point. 
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It is easy to see that as soon as a current passes through the 
bell, the hammer spring is attracted away from th*e contact screw 
at C, thus the circuit is broken and the current ceases at the 
same time that a blow is struck on the gong. Tlie current 
having ceased, the electromagnet no longer attracts the armatifte 
A; the spring therefore causes it to fly back against the contact 
screw. This again * makes ’ the circuit ; the current starts again, 



Fig. 81 . — Klt 5 ctric bell. 


and the hammer being again attracted strikesT a*second blow on 
the gong. The wliole process is repeated, and a continuous 
ringing of the bell goes on so long as a wire from each pole of a 
battery is attached to each terminal of the bell. 

In order that the bell may only ring^when desired, the circuit 
is broken at ^tny convenient place in either wire between the 
battery and the bell. In the gap thus formed is inserted a 
‘ PusIl* 
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Bell Push. — A simjile form of push is shown in Fig. 82. 
A wooden or slate block A has a cover B which screws on to it, 
and a small ‘ button ’ C fits loosely in a hole in the cover. The 
ends of tlie ‘ broken * wire are brought 
through holes in the base block, and 
fastened by screws to the two metal 
strips D and E. One of those, E, is 
curved so that it is pressed into contact 
with the other, D, whenever the button 
is pushed. 

Fig. 83 shows how the same battery 
(two or three Leclanch6 cells) may be 
used to ring several bells. The current 
starting from the battery carbon has the 
choice of three routes — (1) through 

S 2 .- Holl pusli. / V , ^ 1 1. . 

drawing-room; (2) through dining- 
room ; (3) through ^door — by which to return to the battery 
zinc. Each route is interrupted by a push, and the current is 


Fig. S3. — SPVfjml Im'IIh rung by oiio battery. 

permitted to pass through any desired bell by pressing the cor- 
responding pusli. 

Action of one Curn3nt on Another. — Having seen that a 
current passing through a coiled w;ire (solenoid) is able to act on 
a magnet, attracting it as another magnet docs, we might have 
expected that one solenoid would act on another, or even that a 
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straight wire carrying a current would act on another. Am|)^^re 
discovered this as a fact in 1821, a year after Oersfedt’s discovery 
of the action of the current upon a magnet. 

Ampere’s Stand. — The apparatus known as Amjx’re^s Stand 
may be used to show these attractions and repulsions* In tile 
form of it shown in Fig. 84, a hollow upright brass tube A is 
fixed on a base board, and 
is connected to a binding 
screw K The other bind- 
ing screw is connected by a 
wire passing through the 
base board to an insulated 
rod which passes up the 
inside of A, and carries a 
small steel cup B at its end. 

The hollow upright A ter- 
minates in the circular cup 
C. If now wires from a 
battery be made fast to the 
binding screws F, F, the 
circuit from the battery 
extends to C and B, but is 
there broken. Now let a 
well balanced wire rectangle 
PQRS be pivoted in the 
cup B, and have one end 
dipping in the cup C. In 
each cup a little mercury is 
placed to eflsure a good 
‘contact.’ The rectangle will (as seen, p. 750) face magnetic N. 
and S. when a strong enough current passes. Now bring near 
to PQ a wire UT parallel to it and carrying a current. If the 
current be in the same direction in bo^i wires, PQ is attracted ; 
if in the opposite direction, PQ is repelled. Hence parallel 
currents [or the conductors along which they pass’] if in the same 
direction attract^ and if in the opposite direction, repel one. anoiheft\ 
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Amp^re^s stand may also be used to show that a solenoid 
behaves like a magnet. The solenoid AB (Fig. 85) can be attached 






Fig. 86.— Solenoids on Aniixiie’s stand. 


to the balancing frame of the stand and have the ends of its wire 
dipping into the mercury cups. The solenoid CD lield in the 
hand carries a current (which may either be the same current 
that has passed through AB, or be derived from a separate 




Fig. 8G, —Koguet s vibrating spiral. 

source). The S. pole oft CD attracts the N, pole of AB when 
presented to it, whereas it repels the S. pole of AB. 

Roguet’s Vibrating Spiral. — The following pretty experi- 
ment shows the mutual attraction of . currents flowing in the 
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same direction. A spiral is made of thin springy brass wire, 
having its consecutive turns rather close together, it is soldered 
at the top to the screw AB (Fig. 86), which passes loosely 
through a hole in the brass support CDE ; the height of the 
spiral can be adjusted by means of the nut N. At its Icfwer end 
the spiral carries a small weight which keeps it slightly stretched, 
and it ends in a platinum point which just dips into the mercury 
cup M. When wires from a battery are connected to the binding 
screws E and F, the current passing round the spiral causes each 
of the paralhd turns to attract the next. The spiral is thus 
shortened, the point is lifted out of the mercury, and the circuit 
broken. This immediately causes the contraction to cease ; the 



Fig. 87. — Lines of force of magnet and solenoid. 


point descends and again touches the mercury, thus restarting 
the current. Hence the spiral is set into a regular vibration 
which can be detected by the buzzing sound (occasionally a 
musical note) produced, or by the sparking at the surface of the 
mercury. 

Electromagnetism — Another Treatment. — The action of one 
current on another may be looked at from an entirely different 
point of view, one due to Farafday and Maxwell, namely, instead 
of considering the behaviour of a particular portion of the circuit, 
considering the lines of force due to the whole circuit. We then 
find that ‘a circuit carrying a current tries to move so that as 
many lines of force as possible [due eitRer to a magnet or to 
another circuit] pass through it in the same direction as its own 
lines of force.’ Thus in Fig. 87 the lines of force of the magnet 
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SN" and the solenoid S'N' are shown, and clearly if the solenoid 
be sucked on to the iriagnet, it will embrace more of the magnet’s 
lines of force. This movement is the same as that deduced on 
p. 750 from Ampere’s law. 

Alscf in Fig. 88, where tlie movable circular wire is in a plane 
perpendicular to the fixed rectangular wire, none of the lines of 



P’ig. SS. — Movable and lixed circuits. 


force of the fixed circuit through the movable one, but if 
the latter swing round so that P moves towards AB and Q 
towards CD, then a great number of lines of force will pass 
through it. Hence if it be free to move, the circular wire will 
swing in this direction until it is in the plane of the rectangle, 

A Controlled Arc. — What has been said of a wire carrying 
a current applies to a current passing without a conductor. For 
example, the electric arc passing between two carbons (p. 804) 
behaves as the current-carrying wires described above. 



CHAPTER VI 
Electromagnetic Induction 

Induction Experiments — Eddy Currents — Self Indiudion : Extra Current — 
Rulimkorfr Induction Coil — Use of Condenser. 

Electromagnetic Induction. — We have so far seen how electric 
currents can make magnets, and behave like magnets, and tlio 
question naturally presents itself, ‘ Can magnets (or currents be- 
having like magnets) produce currents of electricity ? ^ The 
researches of Faraday dating from 1831 answered the question 
in the affirmative, and from the facts discovered by him the 
knowledge which renders possible the construction of the gigantic 
dynamos of the present day has gradually been built up. 

The following are the leading experiments proving the exist- 
ence of electromagnetic induction. 

Induction Experiments. — A (Fig. 89) is a coil of insulated 
wire wound on a hollow wooden reel. B is a similar but smaller, 
coil which can be slipped into A. From the binding screws of 
B wires are carried to a galvanometer, and from those of A 
wires are carried to two small mercury cups, into Vhich can also 
be dipped the ends of wires from a battery. 

Experiment 1. — If, while one coil is standing within the 
other, the battery be connected with A, the galvanometer needle 
gives a sudden kick in the direction ^hich indicates that a 
current has passed round B in the o][>posite directum to that in A : 
after its first kick the needle settles down to rest in its normal 
position (although the current continues in A), showing tluit the 
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current induced in B is only momentary, and is caused by the 
starting of*th\3 current in A. 

Now break the circuit at one of the mercury cups, the gal- 
vanometer needle again gives a kick, but in the opposite direction 
►to the previous one : hence the stoppage of the current in A 
causes an induced current in B in the saiM direction as the 
current in A ; this induced current also is only momentary. 



Fig. 89. —Electromagnetic inductioa 


It is convenient to call the circuit which is connected to the 
battery the p'irmry circuit and its current the ^primary current : 
while the induced current and its circuit are called secondary. 
If the secondary currenf flow in the same direction as the primary 
it is called direct^ if in the opposite direction it is called inverse. 
Hence — 

Starting a Primary current induces Inverse Secondary current. 
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Stopping a Primary current induces Direct Secondary current. 

Experiment 2. — Connect the primary coil A (B Jiaving been 
previously taken out) to the battery; then rapidly insert the 
secondary coil into the primary, the galvanometer shows an 
Inverse current. When the needle has settled to rest, suddenly, 
remove the secondary coil from A, the galvanometer shows a 
Direct current. 

In the above experiments it is immaterial whether the outer 
or the inner coil be made the primary. 

Hence — 

‘ Placing the secondary coil within the primary,’ 

‘ Placing the primary coil within the secondary,’ 
or * Starting the primary current when the coils are in place,’ 
— all induce the same effect, viz. a monientary Inverse current, and 
the converse acts of ‘taking out’ or a ‘stopping’ induce a 
momentary Direct current. 

Experiment 3. — The diagram in Fig.* 90 shows B used as 
primary being pushed into A and the inverse 
current induced thereby in A. 

Now B is merely a powerful solenoid 
with its N. pole downwards, and we have 
seen that solenoids are in many ways 
similar to bar-magnets, hence instead of the 
solenoid let us try the effect of inserting a 
bar- magnet into the secondary coil as hi 
Fig. 91. We find that a current is induced 
in the same direction as that induced by the 
solenoid. 

It is in§kppropriate here to speak of the induced current as 
‘ Inverse,’ since there is no primary current with which to com- 
pare it ; we will therefore consider Lenz’s law, announced in 
1834, which applies to all cases. 

“ Whenever a current is produced b^ irfduction, whether by 
movement of magnets or wires, the direction of the indttced cwn'ent 
is such as to resist the movement which produces it.” 

For example, in Figs. 90 and 91 the induced current 
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gives a N. pole a^c the top, and this by its repulsion opposes 
the a 2 )proacl;i of the N. pole of the descending magnet or 
solenoid. 

The law is one that it would a piori be reasonable to expect 



Fig. in. -Ourreiit induced by iiiHgnet. 

to hold good, for we oufjht to have to do wm'k in order to produce 
a current in the secondary coil 

The induced cuitents in Experiments 1 and 2 are feeble and 
difficult to detect unless a very delicate galvanometer be used, 
but by placing a soft iron core or a bundle of iron wires within 
B a very powerful effect is produced both when B is used as a 
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primary (it is then, of course, an electromagnet^) and when B is 
used as a secondary. 

Experiment 4. — Wc may vary the third experiment as fol- 



lows : Place a bar of soft iron within tffe secondary coil (or use 
one of the electromagnets (Figs. 79, 80) which are ready wound 
on soft iron cores) ; suddenly bring the N. pole of a bar-magnet 
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in contact with the core (Fig. 92) : the latter becomes magnetised 
by (magnetip) induction. It will have a N. pole below and a S. 
above ; hence the effect will be the same as if a bar-magnet had 
been rapidly inserted in the coil — there will be a momentary 
induced current as befbro. Now remove the bar-magnet, the core 
loses its magnetism immediately, and a current in the opposite 
direction is induced in the wire. 

It is easy to see that if, when the N. pole is touching the 
core, the bar-magnet be rapidly reversed and the S. pole made to 
touch the core, we shall get an induced current twice as great as 
before. 

In all the above experiments some effect, though a smaller 
one, is produced when the magnet or the primary circuit is 
moved nearer to or further from the secondary coil, instead of 


Fig. 93.— Lines increjising. Mg. 94.— Jjinos (iecrensing. 

placing it completely in or taking it completely out of the 
secondary. 

The phenomena of induction may be summed up as follows 
(instead of as in Lenz’s law) : (1) Whenever the number of lines of 
magnetic force passing through a circuit is increased or decreased 
a momentary current is induced in the circuit. 

(2) If the .number of lines be increasing, the direction of the 
lines of force and of the induced current are connected by 
the left-handed screw movement (Fig. 93); if the number of lines 
be decreasing, the direction of the lines and of the induced current 
are connected by the common right-handed screw movement 
(Fig. 94). 

If the secondary circuit be not complete no current can pass 
round it, but there will still be an electromotive force set up in 
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it ; and it has been proved that whether tife circuit be ‘ com- 
plete * or ‘ broken ’ — 


(3) The induced E,M,F, = 


{ 


rate at which lines of force are re- 
moved from the circuit. 


Now by winding a large number of turns of wire on a coil we 
increase the number of lines of force passing through it, hence 
the induced E.M.r. is greatest wlien many turns are taken. 

Eddy Currents. — If a block of metal be moved in the 
presence of a magnet, induction comes into play just as much 
as when a coil or a wire is so moved ; an E.M.F. is set up in 
various parts of the block and causes currents of electricity to 
flow within it. These induced currents have no regular channel, 
such as a coil or a wire provides, in which they must flow, but 
they swirl about and form eddies. Induction thus acts on the 
electricity of the metal block in much the same way as, say, a 
wind blowing over a pond ; there, the v^ater being dragged for- 
ward in some places must necessarily flow back in others so that 
whirling eddies are set up ; whereas in a canal the current may 
flow steadily forward just as a current along a wire. Attention 
was first directed to the existence of eddy currents by Foucault ; 
they are often named after him Foucault currents. 

Eddy currents may be detected by a very pretty application 
of Lenz’s law in the followiiig experiment. A sixpence or any 
light coin is attached to the end of a straw, which is suspended 
so that it can swing like a pendulum ; the coin, which forrn^^ 
the ‘ bob ' of the pendulum, passes at the lowest point between 
the poles of a powerful electromagnet, such as the one shown 
in Eig, 80. When no current is flowing in tlia electromagnet 
the pendulum will swing quite regularly. But when the current 
is flowing, the coin on being raised high on one side and let fall, 
swings rapidly to the lowest point, and there in endeavouring to 
cross the magnetic field it meets with the resistance which 

O ^ 

Lenz’s law tells us is offered to any motion v'hich tends to pro- 
duce induced currents ; the coin therefore is stopped almost dead, 
or at any rate it rises only a slight distance on the other side. 

3d 
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In dynamos arid apparatus where massive pieces of metal 
are moved in^ a magnetic field, it is desirable that the met^l 
should be provided with slots, or even built up of thin sheets, in 
order to check the formation of eddy currents ; these currents 
l^ave two niisad vantages, they produce heat, and they add to the 
labour of driving the apparatus. 

Self-Induction: Extra Current.— When a current passes 
round a coil, a number of its own lines of force pass through the 



Fig. 96.~‘Simrking due to 8ell'-iuductio)i. 


coil. If then thf. current be stopped, the sudden disappearance of 
these lines of force induces an E.M.F. in the direction in which 
the current was flowing, it therefore tends to proloi2ig the current, 
and a spark often occurs at tlie point where the circuit is broken. 
This phenomenon is called Self-Induction^ and the current pro- 
duced by it is called an iUxtra Current. When using a coil with 
many turns of wire the E,M.F. due to Self-Induction at ‘ bre/ik ’ 
may far exceed the E.ltF* of the battery which produced the 
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original current. Conversely, Self-Induction opposes the start- 
ing of the current. 

The effect of having a great number of lines of force through 
the circuit may be shown thus : hold a wire coming from one 
terminal of a single cell (say a Leclanch^) in contact with a file, 
then draw the other wire along the file ; as each ridge is crossed 
the current is started and stopped but no effect is visible. If, 
however, an electromagnet be interposed ill the circuit the in- 



Fig. 90.— Ruhnikorff’s coll. 


crease of Self-Induction causes a series of bri^t sparks as the 
circuit is broken at each rib of the file (Fig. 95). 

Ruhmkorff’s Induction Coil. — Electromagnetic induction has 
been utilised to obtain a very high E.M.F. (from a thousand to 
many million volts), when there is at» our disposal a battery of 
only moderate E.M.F. (one or two volts up to a hundred volts). 

The Ruhmkorff coil consists in the first place of a primary 
coil P (Fig. 96) of fairly thick insulated wire wound round a soft 
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iron core (the core is often a hundle of iron wire), the ends of the 
wire of this coif are brought to the binding screws A, B, to which 
are connected the battery wires. A hammer H attached to a stiff 
spring vibrates as in an electric bell and alternately ‘ makes * 
anS ‘ breaks ^ the circuit at the contact point C between the 
primary coil and the binding screw 4- A secondary coil S 
surrounds the primary and consists of many thousand turns of a 
very fine wire whose ends are brought to the terminals ¥j, F. 

When the hammer vibrates, the RM.F. induced in the 
secondary coil causes a rapid succession of sparks one or two 
centimetres in length between the ends of wires inserted in E 
and F. 

In a gigantic Induction coil made for Mr. Spottiswoode the 
primary coil contained 602 metres (660 yards) of copper wire 
•244 cm. ( 096 inch) diameter, and its resistance was 2*3 ohms. 
The secondary coil contained 450 kilometres (280 miles) of wire 
TT^ inch diameter ; .it hM nearly half-a-million turns, and its 
resistance was 110,200 ohms. This coil gave a spark more than 
a yard (42 inches) long. 

Use of Condenser. — The high Self-Induction of the primary 
coil of a ‘ Ruhmkorff * causes a high E.M.F. in it when the cir- 
cuit is broken, which would, if not provided for, produce at the 
contact* point C such intense sparking that the platinum points 
would be injured even if not completely fused and welded to- 
gether (a frequent trouble in the early forms of coil). Besides 
thi? obvious disadvantage of the sparking, it is detrimental in 
another way ; so long as the spark lasts, some current must be 
passing, hence with a long spark the primary current ‘ tails off' 
gradually instead* of stopping sharply, and this means a great 
falling off in the E.M.F. induced in the secondary coil, for the 
E.M.F. depends on the rate at which the lines of force disappear 
from the circuit. 

To prevent the excessive sparking a condenser (ie, a modified 
Leyden jar, see p. 688) is fitted in the wooden base of the instru- 
ment It consists of several sheets of tinfoil separated by sheets 
of paraffined paper : these are represented diagrammatically in 
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Fig. 97, a large condenser may have sewal hundred sheets, 
but only a few are given in the diagram. Alternate strips of foil 
are connected together at M and N so that they*practically form 
two big sheets : M and N are connected with the metal blocks 
which support the hammer and the contact screw.^ Thus the 
‘ extra current ’ instead of sparking slowly across the gap alt C 
rushes suddenly as a positive charge into the condenser at N : 



the foils connected to M receive at the same time an equal 
negative charge [from the negative current which we must 
remember always flows in the opposite direction to the positive 
current, although we seldom allude to it]. The condenser 
therefore enables the primary current to stop quickly; but it 
does more than this, no sooner is the condenser charged than it 
discharges itself through the primary, sending a reverse current 
through it, and so further augmenting the E.M.F. induced injjie 
secondary. 

Transformers. — Induction coils — called Transformers — are 
now much used by electrical engineers in .order to obtain a 
heightened or lowered E.M.F, As in the Ruhmkorif coil, two 
coils (or two sets of coils), one a primary and one a secondary, 
are wound upon the same iron core, and currents are induced 
in the secondary by means of rapid changes of current in the 
primary. But, while the Ruhmkorff coil is swpplied with a direct 
current (ie. a continuous current always flowing in the same 
direction) from a battery, this current being artificially inter- 
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riipbed by the vibrating hammer, the TranSormer is supplied 
with an altermtir\g current from a dynamo (see p. 834). 

Fig. 98, though not based on actual measurement, represents 
the character of the variations of current in the primary and 
of the E.MJF. in the secondary of a Ruhmkorff, with condenser 
disconnected, when the hammer vibrates 100 times a second. 

The current in the primary of the EuhmkorfF being broken 
very abruptly gives rise for an instant to a very high KM.F. in 
the secondary, but this E.M.F. is maintained for a very short 
time only, — so short, indeed, that only a small quantity of 
electricity is able to pass through the secondary before the 



PiK. 08.— TS.M.F. tmd curiwit in Rulmikorff coil (witliont condenser). 

E.M.F. has ceased. The current in the primary then falls to 
zero, but is not reversed in direction (except for the back flow 
from the condenser spoken of above) ; then when the hammer 
^ makes * contact again, the current rises, rapidly, it is true, yet 
slowly compared with the abrupt ‘break,* and causes in the 
sec^'dary an E.M.F. opposite to that of the break, and so much 
lower than the latter that it is not, as a rule, able to overcome 
the resistance of tjhe spark-gap, and is, therefore, not able to 
produce any current in the secondary. 

The alternating current supplied by a dynamo to a Trans- 
former first flows in one direction, gradually rising to a maximum, 
then gradually falling to zero ; its direction is then reversed, and 
it rises to a maximum in the reversed direction ; from that it falls 
to zero, and is again reversed, and so on. Hence the alternating 
current r^lly consists of a series of electric waves or impulses 
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oscillating in the conducting wires : the rabidity of oscillation 
depends on the speed of the generating dynamo, and in practice 
rangiSs from, say, twenty to a hundred waves per second. 

The character of the variations of a typical alternating 
current may be represented by a curve of sines (p. 42?), thougji 
the shape of wave is modified by the design of the generating 
dynamo. In order to drive such a current through the primary 
coil of the Transformer a varying difference of Potential must be 
maintained between the terminals of the primary. This differ- 
ence of Potential is usually spoken of as ‘an impressed E.M.F.' 
applied to the terminals. It is comi)osed of two parts : (a) the 
impressed E.M.F. needed to overcome the ohmic resistance of 
the primary — this part is comparatively small, owing to the low 
resistance of the coil ; (b) the impressed E.M.F. needed to balance 
the back E.M.F. which is induced in the coil. Both of these 
parts pass through a series of alternations similar to those of the 
current, hence the variations of the impressed E.M.F. may also 
be represented by a sine curve. 

Now the E.M.F. induced at any instant in the secondary coil 
is equal to the rate at which the total number of magnetic lines 
of force (also called the Total Induction or Flux) through the coil 
is increasing or decreasing — care being taken to count each line 
of force twice if the wire of the coil pass twice round it, fifty 
times if 4he wire pass fifty times round, and so on. Also the 
back E.M.F. induced in the primary is e’qual to the rate of change 
of induction through it ; hence the changes in the E.M.F. prfj» 
duced in the secondary keep time with those of the back KMiF. 
in the primary, and the E.M.F. would in fact be at every instant 
the same in both if the number of turns in primary and secondary 
were equal. Hence, remembering that the part (a) of the 
impressed E.M.F. is very small, we see that the E.M.F. impressed 
at the terminals consists mainly of the part (6), and is therefore 
practically equal to the back E.M.F. _ From this it follows that 
the Transformation Ratio 

E.M.F. of secondary coil_Number of turns in secondary . 

E.M.F. of primary coil Number of turns in primary ^ ^ 
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Hence we have classes of Transformers: first, Step-down 
Transformers, Jiaving fewer turns in tlje secondary than in the 
primary; these are used at a distance from the generating 
station to replace the current arriving through the mains at a 
Ipgli potemtial by a greater current at a corresponding lower 
potential required for use in lamps and motors. Secondly, 
there are Step-up Transformers, having fewer turns in the 



Fig, 99.— Coils of Transformer. Fig. 100.— Transformer and case. 

pi^uary; these are used at the electric-supply station to con- 
vert a moderate E-M.F. produced by the dynamo into a high 
E.M.F. in the mgins. 

Modern alternators are, however, more frequently designed 
to furnish the desired high-tension current.^ 

The advantage gained by transforming lies in the fact that 
it is more economical (in cost of copper, etc.) to send a small 
current at high pressure Ibh rough a small main than to send a 
big current at low pressure through a big main. 

^ Practical men speak of * high-tension’ currents, etc., 'when they mean high- 
pressure, high E.M.F. or high potential currents, etc. 
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Fig. 99 shows the coils of a 20 kilowatt Transformer, and Fig. 
100 the complete Transformer lifted half-way out of its case. 

The figures are from photographs of a ‘ Step-up * Transformer 
of the pattern used by the British Westinghouse Electric and 
Manufacturing Company, This Transformer has eight coils ; four 
primary or low-pressure coils, wound on an oblong mould, and 
four secondary or high-pressure coils, wound on a mould so as to 
allow more space for insulation. These are brought together, a 
usual plan being to divide the low-pressure coils equally, and to 
l^ace the high-pressure coils between them. Each set of coils 
is then connected up in series, and the wires from them brought 
up to the terminals on a marble block ; they are insulated 
by sheets of rope -paper and fuller-board placed between the 
coils. The case is filled with oil of a high insulation resistance. 

In Fig. 100 is seen the iron core which is put on after the 
coils have been assembled, and consists of sheet-iron stampings 
built up round the coils and bolted together to form a compact 
mass. This built-up sheet-iron core is preferable to a solid core, 
because it diminishes the formation of eddy currents in the iron, 
which heat the core and diminish the efficiency of the Transformer. 

The iron is spoken of as a ‘core,’ although the coils are 
almost buried in it, instead of it being buried in the coil ; for it 
has the same duty to perform in either case, namely to concen- 
trate the magnetic field due to the current in the primary. 



CHAPTER VII 
Electrical Measurements 

Unit Current— Unit Resistance— Unit E. M. F. — Unit Quantity— Unit Capacity 
— Unit Power— Galvanometers — ^Tangent Galvanometer — Reflecting Gal- 
vanometer — Ammeter — Voltmeter — Cardew’s Voltmeter— Ohm’s Law — 
Measurement of Resistance — Numerical Illustrations — Wheatstone 
Bridge — Post-Office Box. 

All the units employed in the measurement of electricity are 
based on the use of. the centimetre as unit of length, the gramme 
as unit of mass, and the second as unit of time ; we therefore 
also take the dyne as the unit of force, and the erg as unit of 
work. The units thus determined are known as ‘ absolute ’ or 
* C,G.S.’ (centimetre-gramme-second) ; for practical purposes other 
unite, which are simple fractions or multiples of these, are used. 

Ilait Current — The standard current is one which, flowing 
along a wire of length one centimetre bent into a circular 
arc of radius one centimetre, exerts a force of one dyne on a. 
JJnit Magnetic Pole placed at the centre of the circle (Fig. 1()1). 
The practical unit of current is the Ampere, and is equal tq a 
tenth of an absolute unit. 

1 Ampere = A C.G.S. uuit of Current. 

Unit Resistance. — The standard resistance is that oi a 
wire which requires one erg of work each second in order to 
force the standard current through it. This unit is too small 
for ordinary purposes* the practical unit of resistance is ihe 
Ohm, and is ec^ual to 10^ (a thous^d million) absolute units. 

1 Ohm s IQ^ C.G.S. units of Reastanos. 
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N,B*— It is impossible without weeks of refined experiment 
by the most skilled observers to ascertain the resistanife of a wire 
measured in ohms in the mariner described in the above abstract 
definition: a committee of experts decided in 1892 that the re- 
sistance of 14 ‘45 21 grammes of pure mercury at 0° C. f&rmed 
(in a tube) into a column 106*3 centimetres long should be taken 
as the nearest attainable approach to the theoretical ohm ; and 
* Standard Ohms ' have been prepared equal in resistance to 
such a mercury column. Other resistances must be compared 
directly or indirectly with these standards. The standards are 
coils of wire made from a suitable alloy of platinum. 

Unit E.M.F. — The Standard Electromotive Force is that which 
is required to drive a Unit Current through a Unit Resistance. 
The practical unit of E.M.F. is the Volt, and is equal to 10® 
(a hundred million) absolute units. 

1 Volt = 108 C.G.S. units of E.M.F. 

Unit (Quantity. — The Standard Quantity of Electricity is the 
amount conveyed in one second by a unit current. The practical 
unit of quantity of electricity is the Coulomb, and is equal to 
one-tenth of an absolute unit. 

1 Coulomb= iV unit of Quantity. 

Unit Capacity. — The Standard Capacity is that of a con- 
denser (Leyden jar) which requires a unit E.M.F. to charge it with 
a unit of electricity. The practical units of capacity are the Farad, 

whilh iSj^of the absolute unit, and the Microfarad, which is 
one-million^ of a Farad. 

1 Microfarad C.G.S. unit of Capacity. 

Other practical units are the following : — 

Unit Pow^. — A Watt is the rate of working when 1 ampere 
is driven though t ohm* resistance. 

j 746 Watts horse-power. 
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Unit of Wrfrk. — (a) A Joule is the work done by 1 ampere 
flowing foF one second through a resistance of 1 ohm. 

1 Joule =10^ ergs, 

1 Board of Trade Unit =3, 600, 000 joules. 

= 36 X 10^® ergs. 

(b) A Kelvin or “ Board of Trade Unit is the work done 
by 1000 Wyatts (a Kilowatt) in one hour. 

1 Board of Trade Unit =2,670, 000. foot-lbs. 






"^o 


Fig. lOl.— C.G.S. unit current. 


Galvanometers. — On p. 723 we described a very rough form 
of galvanometer which merely indicated the passage of a current 

without being able to measure it 
accurately. W e will now consider 
some improved forms. Let us 
first repeat that there are two 
units or standards for electric cur- 
rents. (1) The Absolute Electro- 
magnetic C.G.S. unit. This is 
one which, flowing along a wire 1 
cm. long bent into an arc of a circle 1 cm. radius, exerts a force 
1 dyne on a unit magnetic pole placed at the centre of the circle. 
Thus in Fig. 101, if 1. C.G.S. unit flow along the wire ABCD, the 
force thrusting the unit pole M to the left is 1 dyne. 

(2) The Ampere, which is of the Absolute Unit, and is 
always used in practical work. 

If a greater length of ‘current-carrying wire* act on the 
magnet pole, the force is proportionately increased ; if the 
distance of the wire from the pole be increased, the forfe is 
decreased in proportion to the square of the distance ; also the 
force is proportional to the current. 

Example . — ^Let a current of 70 amperes (7 C.G.S. units) flow 
round a coil whose radius is 10 cm., and which has 13 turns of 
wire. The circumference is 27rl0 = 63 cm. (approximately); 
hence the force on a unit magnet pole placed at the centre is 

*7x63x18 ^ j , . . , . 

=57*3 dynes (approximately). 
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Tangent Galvanometer. — This instrument In its simplest 
form consists of a single ring of stout copper wire moanted on a 
convenient stand which has ’three levelling screws. At the 



Fig. 102.'— Tangent galvanometer. 

centre of the ring is a short magnetisjjd^ needle (length not 
exceeding say diameter of circle). The needle is supported 
by an agate cap on a sharp point, and usuaHy has attached to it 
at right angles a long pointer of glass or aluminium whose 
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position can b^read oiF by a graduated" circle. The instrument 
is set with its ring in the plane of the magnetic meridian, and 
the pointer should then stand at lilro. 

In order to measure the current it is necessary to know 
(1) the earth's horizontal intensity H (^e p. 653) ; (2) the 
radius ‘r' of the ring; (3) the length ‘Is* 
of wire ADB, which acts on the needle. 
If then a current produce a deflection 
the measure of the current can be found 
as follows : a current C exerts on a unit 

Cl 

pole placed at the centre a force 

dynes. Now the poles N and S of the 
magnet are so near to the centre that the 
force on them does not appreciably difler 
from what it would be at the centre ; hence 
if ‘ m ' be the strength of each pole, the 



Oitn 


Fig. 108. 

Forces acting on needle. 


force on each is dynes ; the force on the N. pole ui^es^t east* 

ward, and that on the S. pole urges it westward. 

At the same time these poles are urged northward and 
southward respectively with equal forces ‘ mH ' dynes. 

Thus the needle is acted on by two couples in opposite 
directions, the arm of the first being np ( = 5wco8 0), and the arm 
of the second sp{ = sn sin 6), The needle is in equilibriq|a, there* 
fore the moments of these couples are equal (Mechanic^ p. 65)« 


. • . — ~ X jwcos wH X sn sin 6^ 

Hr* 

C = ^tan^. 

Vrr^ 

The fraction — contains only the quantities H, r and I, which 

are always the same for the same instrument, we may therefore 
calculate its value once for all and denote it by another .isymlw^ 
say O, which is caUe^ the ‘ galvanometer c<^tant ’ : we’ then 

C=Gtiinf 

The current is prqwrtional to the .tangent 
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Section, and for this reason the instrument is eddied the Tangent 
Galvanometer. 

Example. — In a Tangent Galvanometer the radius of the 
rings: 12 cm. ; the length of wire acting on the needle = 35 cm.; 
H=s*18. (1) Find the constant G. (2) What current produces 
\ deflection of 45° 1 (3) What current a deflection of 30° 1 


( 1 ) 

( 2 ) 

(3) 



■18x122 


C=74tan^ 

= •74 tan 45"= *74 C.G.S. units 


= 7 ‘4 Ampm-es. 

C=*74 tan 30" 

= *74 X *427 C.G.S. units 
V3 

= 4*27 Amperes. 


Reflecting Galvanometer. — In attempting to measure small 
currents, two diflSculties present themselves in the instruments 
described so far. 

Firstly, the friction between the needle and its pivot, 
although slight, is too great to be overcome by the very minute 
force exerted by the current ; and. secondly, even if the needle 
do move, it is difficult to measure accurately a very small 
deflection. 

These difficulties are. overcome in Sir W. Thomson's (Lord 
l^lvin*^) Reflecting Galvanometer. In this instrument the coil is 
built with a very fine wire taking about 1000 turns, so that the 
force exerted by the current is multiplied about a thousandr" 
times. The needle is replaced by two or three pieces of magnet- 
ised watchspring attached to the back of a very^ light circular 
mirror. The mirror is usually from i to J inch diameter and 
is of the thinnest glass obtainable — ^a microscope ‘ cover slip ' 
answers excellently. The mirror with magnets seldom weighs 
more than one or two grains, it is suspended by a single fibre of 
cocoon aiu||t is protected from draught by being placed in a 
small S|iass ttibe wi^ glass ends. In the best instrtiments the 
rnirto Is now dispended by one of the delicate fibres of quartz 



782 


ELECTRICITY 


CHAP. 


prepared by thef ingenious method recently invented by Prof. 
Vernon Boys; he takes a piece of quartz, such as the ‘pebble* 
used for good spectacle lenses, heats it in the oxyhydrogen 
flame, and when a portion is fused he draws it out into a thread 
by mesins of an arrow fired from a powerful bow. 

Frequently the coil is made in two halves CC, an upper and^ 
a lower one, asishown in Fig. 104; in this case the mirror, with 
magnets at back, is placed in the upper coil, and a light wire 
extends downward from it and carries a set of magnets at the 



Pig. 104.— K«*flecting galvanometer. 


centre of the lower coil. The arrangement for reading the 
deflection is as follows : a horizontal scale A'B* is fixed on the, 
wooden frame shown in Fig. 105. Immediately under the 
middle point A' of the scale is fixed a narrow slit S, through 
which light comes from the lamp and falls on the mfrror M. 
On being reflected from the mirror, the light in all probability 
will miss the scale A'B^ altogether, but a careful twisting of the 
controlling magnet NS, which slides on the upright rod AB 
(Fig. 104) at the top of the instrument, will bring the spot of 
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reflected light to the zero point of the scale. Generally a fine 
vertical wire is fixed in the slit, and a lens placed iir front of the 
slit brings an image of this wire to a sharp focus at A'. 

The slit is slightly below the level of the mirror, hence the 
rays of light passing from S to M are inclined upwa’ixl, and i 
after reflection they are still inclined upward; hence the scale 
A'B' on which the light falls must be slightly above the level of 
M. A figure representing the rays thus inclined would be con- 
fusing ; hence in the next paragraph we speak as if the slit were 
at A and the scale at AB both on a level with M, 



Fig. lOS.—Lamp, scale, and mirror for galvanometer. 


' W hen the mirror is undisturbed, its normal {i,e, the perpen- 
dicular to it) coincides with MA ; the rays of light from A there- 
fore fall normally on the mirror and are reflected directly bacl^ 
again to A. 

If now the mirror be deflected through a small angle a, the 
tiormal to it is also turned through an angle a and takes the 
position MN ; and the incident light which was previously 
normal ip the mirror now makes an angle a with the normal ; 
hence ^e reflected light makes an angle a with the normal on 
the other side of it is reflected along MB, and therefore makes 
an angle 2a withtts original direction MA (see Light, p. 525). 

A movement of the spot of light on the scale through 1 mm. 
can easily be detected, and as the mirror is generally about 2 

3 R 
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metres distant from the scale, it is obvious that a very minute 
deflection or the mirror can thus be detected. 

[With the data just given tan 2a = ~2~uieSe^~ ‘0005, whence 

by the' mathematical tables a = 52" approximately.] 

Ammeter. — For use in electric lighting and other branches^ 
of electriciil engineering special galvanometers called Ammeters, ie, 
ampere-meters, arc constructed. Their coils are usually made of 
very thick wire so that a strong current can be sent through them 
without undue heating : and they are provided with a scale 
graduated so that the pointer indicates directly the number of 

amperes passing through the in- 
strument. 

Fig. 106 represents a typical 
ammeter. 

Voltmeter. — This also is a 
special form of galvanometer used 
in electrical engineering. The 
coil of a voltmeter is wound with 
a long fine wire of high resistance, 
so that when it is connected to 
the terminals of a dynamo or 
Imttery only a very small current 
passes through the instrument, 
and therefore no appreciable eflect is produced on the current 
which passes through any other appiratus or lamps which also 
\re connected to the dynamo. 

The ‘current which passes through the instrument is — by 
Ohm’s Law— «proportional to the difference of potential of its 
terminals : hence if the scale be suitably graduated, the deflection 
of the needle will give directly the difference of potential 
measured in volts. 

And in the same way, if the terminals of the voltmeter be 
connected to any two points of any electric circuit, the deflection 
gives the number of volts in the diference of potential between 
these points. 

Cardew*s Voltmeter is of special interest from the fact that 



Fig. 106.— Ammeter. 
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the current passing through a fine wire is measured by the 
expansion caused by the heat which the current pfoduces in the 



Fij;. 107 .~Cardew voltinHfr. 


wire, instead of ]>eing measured j)y tlie deflection of a magnetic 


needle. 

The wire ^VVs\ whose expan- 
sion measures the current passing 
through the instrument (and there- 
fore indirectly measures the differ- 
ence of potential at its terminals), 
is attached to two metal pillars P 
from which stout curved rods lead 
to the terminals T, T : the wire 
passes under two fixed pulleys at 
the end of the tubular casing, and 
over a loose j)ulley C at its middle 
point. A fine thread is fastened to 
the pulley C and, after passing com- 
pletely round the small wheel G, is 
attached to the spiral spring V. 
When the wire expands, the pull 
of the spring causes the pulley C 
to rise and ‘take up the slack’; 
the thread passing round G causes 
it to turn, and this movement is 
transmitted to the pointer by the 
multiplying wheels R and S. 



Ohm’s Law. — On p’. 724 we explained in a general way the 


meaning of the term ‘ resistance ’ as used in electricity, and 
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pointed out that with an increased resistance in a circuit the 
current must decrease unless the electromotive force be also 
increased. We further find that the current which flows in any 
given wire is proportional to the difference of electric potential 

difFeirence of electric pressure) at its extremities. 

Experiments on the resistance of vdres led Ohm to announce 
his famous law that : — 

“The current which flows in any circuit is equal to the 
electromotive force divided by the total resistance of the circuit,” 
or, “ The current which flows in any wire is equal to the difference 
of potentials of its two extremities divided by its resistance.” 

The law in its two forms may be represented in symbols thus : 

E 

C = j^ where E is the E.M.F and R is the Resistance of the circuit, 
or 

V - V 

-_L_ — ? where are the ]K)tentials at the two ends of a wire 

whose resistance is R. 

If several batteries or dynamos are included in a circuit, their 
E.M.F.S being Ej, E 2 , Eg, etc., and their internal resistances, 
hf ^ 2 » ^ 3 » write the first equation in the form 

E, -f- E 2 4- E 3 -f . . . 

B being the resistance of the circuit external to the batteries. 

Measurement of Resistance.— For the practical 'in^urement 
of resistance, boxes are constructed in which are conveniently 
apanged wires of resistance 1, 2, 3, 4, 10, 20, 30, 40 and so 
on up to 4000 ohms. These wires before being placed in the 
boxes are carefully compared with standard coils; they are 
covered vrith silk to insulate them ; they are folded double so 
that currents flowing through them may have no direct effect on 
instruments placed near to^them; they are then embedded in 
paraffin wax to protect them from damp or injury. 

The manner of using a ‘resistance box’ is shown in the 
diagram Fig. 109. A, B, C are blocks of brass fitted on the 
ebonite cover of the box. The ends of* a 1-ohtn coil are shown 
attached to A and those of a 2-ohm coil to B and ^nd so 
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on. A current arriving at the terminal T Iftis to pass through 
the 1-ohm coil from A to B, then through the 2-ehm coil from 
B to C. In the gap between C and D is firmly wedged a brass 
plug P (with small ebonite handle). This affords a short cut 
for the current from C to D, and the resistance of the 3-ohnj 
coil is thus avoided. If plugs be inserted in all the gaps, the 
resistance of the box from terminal to terminal is practically 
zero, for the resistance of the brass blocks and plugs is negligible. 
If selected plugs be then pulled out, any required resistance 



Fig. 109. — liesistance coils. 


may be obtained. Thus to obtain 257 ohms we take out the 
plugs numbered 200, 40, 10, 4, and 3. . 

Simple Method , — If we wish to ascertain the resistance of a 
given* wire we may arrange it, as at PQ in the diagram (Fjg. • 
110), in series with a galvanometer G j j ■ x'-'x 

in the circuit of a battery B: having / y J 

observed the galvanometer deflection, f ® 
remove the wire and insert a * resistance V p n y 

box ’ between P and Q ; then pull, out iio.-stapie method of 
the plugs until the galvanometer has measuring resistance. 

the same deflection as before. Then the number of ohms 
indicated by the plugs removed is the resistance of the wire. 
But the E.M.F, and* internal resistance of the cell change 
between the two observations and make the result inaccurate. 
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The Rheostalf, invented by Wheatstone (1840), was an 
adjustable resistance, provided by winding more or less of a 
uniform wire on to an insulating barrel ; this he used for 
measuring resistances, but it was discarded as inaccurate. The 
term is now widely used of an adjustable resistance to be placed 
in a circuit to adjust current or voltage, not for measurement. 
Two main forms of llheostat are in use — (1) a wire of German 
silver or of some material the resistance of which does not alter 
much with change of temperature, tapped at intervals by contact 
pieces; (2) the ‘‘sliding wire,” used in automatic recorders. 

Numerical Illustrations of Ohm’s Law. 

(1) A battery of 5 cells, each of E.M.F. 1*05 volt and in- 
ternal resistance *1 ohm, is connected ‘ in series ’ ; the resistance 
of external circuit is 1 0 ohms : required to find the current and 
the distribution of electric potential. 

Total E. M. F. of battery = 1 -05 x 5 ~ 5 *25 volts. 

External. Intermil. 

Total resistance of circuit = 10 + 5 x *1 -10*5 ohms, 

. ‘ . current = ~ *5 Ampere. 

Now Vi-Vo=CR, 

. *. difference of potential at the ends of wire= '5 x 10=6 volts. 


That is, 5 volts out of the total 5*25 are employed in driving 
the current through the wire, and the remaining '25 volts in 
driving it through the battery {Lc, *05 volt for each cell). 

-The information we have so far obtained deals only with the 
difference of potentials of different points, and tells us nothing 

of the absolute potential of any 
point. Now if any one point P 
of the circuit be connected to 
the earth by a wire PE there 
may be a momentary rush of 
electricity from P to the earth 

Pig. 111.— Diagram of clrciiK. . ^ .v ^ t f 

or vm versd, if the potential of 
P happen to differ from that of the earth,* but the potential of P 
will instantly become equal to that of the eai'th, and no current 
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can flow permanently along PE, because thej;-e is no path for 
such a current back from the earth to P. 

Now the potential of the earth is zero, hence the wire PE has 
reduced the potential of P to zero without in any way disturbing 
the current flowing in the circuit. As a rule it is convenient to 
imagine that the negative terminal of the battery is connectecf 
to the earth by a wire such as PE, and therefore that the 
potential of the negative terminal is zero. 

In the above example the potential at one end of the wire is 
5 volts higher than that at the other ; therefore if the potential 
of the negative terminal ( - T) be zero, that of the positive 
terminal ( + T) is 5 volts. 

In passing through the battery from - T to + T wc might 



Fig. 112.— Distribution of potential in circuit. 


expect the potential to rise 1*05 volt as we pass through each 
cell — for tlfe E.M.F. of each cell is 1*05 volt. But if we 
remember that *05 volt is used to drive the current through 
the cell, we see that the actual rise of potential per cell is. 
1 *05 - *05, that is 1 volt. 

If the wire be of uniform diameter and length 50 feet, then 
considering a point P, 1 0 feet from — T, the resistance from P to 
-T is 2 ohms ( Jg- of 10 ohms). 

. * . Difference of potential between P and ~T^CxR = *5x2 = 1, 

. * . Potential of P = 1 volt. 

Similarly we can find the potential <>f any other point of the 
wire, , 

(2) Two wires, of length 30 ft. and 50 ft., and resistance 
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6 ohms and 10 ohwis, have their ends twisted together at A and B. 
These joints fire connected to the terminals of a battery which 
keeps A at a potential 10 volts when B is at potential 0 ; find' 
what currents flow. 

V - V 10 

•'Current through the 6-ohm \vire= -J— = ampke. 

V ~ V 10 

Current through the 1 0 -ohm wire = -L- — ? = 77; = 1 ampere. 

R 10 

Hence the current along DA, which splits up at A into these 
two branches, must be 1 + 1| = 2§, and the current along BE, 
fcheir reunion, is also 1 -f 1| = 2| amperes. 

(3) What is the resistance of the single wire inserted between 
A and B which would allow the stime total current to pass ? 


*6 Ohms 30 



Required resistance 3 J ohms. 

C 23 o 

Hence two resistances, 6 ohms and 10 ohms, placed ‘parallel’ 
as above, are equivalent to a single resistance of 3f ohtns. 

[It is easy to see that in general if a single resistance R be 
equivalent to Rj and Rg placed ‘ in parallel,’ then — 


1 = 1+1 
R KilU 


, and . • . 




RiRs 

Ri + Ksj 


If Rj and Rg be placed ‘ in series,’ obviously their equivalent 
resistance is Rj + R^s] 

(4) H we divide the 30-foot wire into five equal parts, each 
will be 6 feet long, and will have a resistance ohm. The 
difference of potential required to drive, a current 1| ampere 
through I ohm is 1| x f =s 2 volts. Hence as we go up-current 
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along the wire from B to A, the potential risetl 2 volts in each of 
the 6-foot sections. 

Similarly dividing the 50-feet wire into five equal parts, each 
is 10 feet long and has a resistance 2 ohms, and since the current 
in this wire is 1 ampere, the potential rises 1 x 2 = 2» volts ii\ 
each of the 10-feet sections. 

It is easy to see that whatever number of equal sections be 
taken in the two wires the rise of potential will be equal in each 
section, and hence to see that the potential rises uniformly from 
B to A along either wire. 

This fact is represented graphically in the diagrams (Fig. 1 1 4). 




Fig. 114 .— Distribution of potential, wires in jairallel. 

In these the horizontal lines represent lengths of wire measured 
from A, they also represent the number of ohms resistance 
of the wire measured from A, and the vertical height at any 
point represents the potential at that point. 

Note that the points q and each at ^ of thft whole distance 
from A to B, are at the same potential : hence if wires leading 
to a galvanometer be connected to q and j', no current will flow 
along them, and the galvanometer will show ho deflection. 

Wheatstone Bridge. — The preceding illustrations should 
make it easy to understand the method of measuring resistance 
invented by Wheatstone, and named after him the Wheatstone 
Bridge method. 
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Fig. 115.- Diagram of Wlioatstone bii<lge. 


The requisite «;rrangement of apparatus is given in Fig. 115 ; 
Rj and Eg boxes of known resistance usually 10, 100, 

or 1000 ohms. R is a box whose resistance can be varied at will 
by inserting or taking out plugs as described on p. 787; x is the 

wire, coil, cable, etc., whose 
unknown resistance we wish 
to measure. 

These four resistances Rj, 
Rg, R and x are connected end 
to end at F, B, D, A. Wires 
from a battery are connected 
to A and B ; wires from a gal- 
vanometer are connected to F 
and D ; a key is placed be- 
tween the battery and B, and another key Kg is placed between 
D and the galvanometer. 

When the key Kj is depressed a current flows from the 
battery to A, there it splits into two branches, one Cj flowing 
along AFB and the other Cg along ADB. At B these branches 
reunite and flow back to the battery. 

If the galvanometer key Kg be now depressed, a current will 
flow through the galvanometer unless F and D are at the same 
potential. The measurement is made by adjusting the resistance 
R until the galvanometer gives no deflection when the key Kg is 
depressed. 

We then have, if Va be the potential of A, Vb the potential 
of B, and V the potential of F and also of D — 

* Va ~ V = difference of potential at ends of R = C.2R, 
also Va ~ V = difference of pot^tial at ends of 


Similarly 
. • . by division 


^_R 

r,-r;> 

. . K. 


The superiority of this method of resistance-measuring is due to 
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the fact that it is far more easy to detect ai^inute deflection 
than it is to read accurately any considerable deflection : hence 
it is possible to adjust the resistance R with great nicety until 
there is an exact ‘ balance ’ between R^, x and R, for a very 
slight error in balancing can be detected by a minute, current 
through the galvanometer. 

Post-Office Box. — For convenience of working it is usual to 
combine the resistances Rj, R.^ and R in one box, which often is 



Fig. 116.— Po8t-Ottice box. 


also fitted with the keys KjK 2 to be used for the battery and 
the galvanometer. The form known as the *TPost-Office Box ' is 
shown in Fig. 116. The arrangement of the resistances is 
shown separately in planum Fig. 117, in which the letters are 
inserted to correspond with the bridge in Fig. 115, 

Clearly it is of no importance in which direction the currents 
C^Cg flow along the branches AFD, ADB, since we only require 
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to adjust the reA^stance R until no current flows through the 
galvanometer. 

Callendap’s Electric Resistance Thermometers. — The essen- 
tial part of these instruments is a fine platinum wire, whose 
resistance becomes greater as its temperature rises. This is ^ 



Fig. 117. — Plan of Poat-Oflice box. 

wound on a mica frame and connected by stouter wires with 
an indicator or recorder, consisting of an arrangement including 
a resistance box, or rheostat, by M’^hich the resistance of the 
fine wire is measured and its temperature estimated. These 
thermometers are made by the Cambridge Scientific Instrument 
Company in forms adapted for reading temperatures from the 
lowest up to near the melting point of platinum C.). 

Langley^s Bolometer (pp. 395, 603) is a resistance thermometer* 

Specific Resistance and Conductivity 

(From Luptou’s Tables, by pennisgioii.) 

The specific resistance of a substance is the resistance at 0® C. 
between opposite faces of a cube of it which measures 1 cm. each way. 
The conductivity of a substance is the reciprocal of its resistance. 

R. in Microhms. ^ 


Metals. 

Silver, hard drawn 


liesistance. 

1-609 

Conductivity. 

•621 

^Tr:; :: ; ; 


1-642 

•609 


2-164 

-464 

Platinum, annealed .« 


9-168 

*109 

Iron, soft .... 


9-827 

•102 

Tin, pressed 


. i 3-86 

•076 

Lead „ ... 


. 19-847 

•060 

Mercury .... 


. 94-84 

•010 


I A Hicrohiil is a mlUionth of an olmt . 



CHAPTEE VITI 
Effects produced by Current 


Heating Effects — Incandescent Lami>s — Amount of Heat Produced — Safety 

Fuse — Explosive Fuse — Thermo-electricity — Its laws — Thermopile — 

Electric Arc — Arc Lamp — Discharge through Rarefied Gases— Geissler 

Tubes — Crookes* Radiant Matter — Rontgen Rays — Radium. 

Heating^ Effects. — We have seen that frictional electricity 
when passing through a wire heats it slightly, the same effect is 
produced in a much more powerful manner by currents from 
batteries or dynamos. Thus, if a battery of five or six Grove 
cells be connected to a fine iron wire (such as is used for making 
up buttonholes) about a foot long, the wire immediately becomes 
red hot, then white hot, and if the battery be in good condition, 
the wire will melt, scattering little globules of molten iron in all 
directions. 

By experimenting with various wires, we find that with the 
same current thick wires become less heated than fine ones, and 
that materials of high resistance become more heated than gdbd 
conductors of the same diameter. This may be illi&trated by 
a pretty experiment: a chain is made with akemate links of 
silver and platinum ; silver and platinum being of the same 
colour, the eye scarcely detects any difference between the 
links, but when a current is passed through the chain and 
gradually increased, the platinum links become red-hot and 
visible in the dark, while the silver links are scarcely warmed ; 
this is because the specific resistance of platinum is about six 
times that of silver. 
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By using the®' current from a big dynamo, or from four or 
five secondary batteries connected ‘in parallel,* an iron rod a 
quarter of an inch in diameter may be made white hot. 

Incandescent Electric Lamps. — The fact that wires become 
white hot by the passage of a suitable current has been utilised 
in electric lighting by the construction of incandescent or glow 
lamps. In the earliest glow lamps a platinum wire was used, 
but the resistance of platinum was not sufficient to enable light 



Fig. 118 .— Incandescfiit Iftin]). 


to be produced with an economical current; in 1879 and 1880 
Edison and Swan independently invented lamps in which the 
platinum wire was replaced by a fine thread or ‘filament* of 
specially prepared carbon ; the filament is made from a fibre of 
bamboo, strip of paper ^or fine cotton, it is first treated with 
dilute sulphuric acid (2 parts water to 1 acid), then ‘car- 
bonised * by being heated in a muffle * furnace ; after being 
carefully rounded, hardened, and polished, the filament is 
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cemented to two short platinum wires whiA are sealed into 
the well-known little glass globe. Before sealing. the point the 
globe is connected to a mercury air-pump (Hydrostatics, p. 
179) and all the air exhausted from it. 

If a carbon filament were heated to whiteness in thg 
air it would be immediately burned up, its carbon combining 
with the oxygen of the air; hence it is necessary to produce 
the best possible vacuum in the globe, so that there may remain 
no trace of oxygen to combine with and burn up the carbon. 

A good incandescent lamp of say 1 6 candle power requires a 
current of about 1 ampere, its resistance when hot is about 200 
ohms, and hence the E.M.F. it requires is about 100 volts. 

Filaments of the metals tantalum and tungsten are taking 
the place of carbon filaments ; these are so fine that they are 
more fragile, but, for the same candle power, they are more 
economiijal in current, using only 1 watt per candle power. 

Amount of Heat Produced. — Both Joule and Favre made 
a set of experiments to determine the amount of heat produced 
in any wire, and found it to be proportional to the resistance, 
also proportional to the square of the current, and of course 
proportional to the time during which the current flows. 

* Joule proved that a current C flowing through a resistance 
R for a time / produces an amount of heat which is mechanically 
equivalent to C‘^R/ ergs of work^; here the current and resist- 
ance are measured in absolute C.G.S units, hence remembering 
that 1 ampere = C.G.S. unit, and 1 ohm =10® C.G.S. units, 
the heat is equivalent to lO^C-R/ ergs, whore C is measureef in 
ampferes and R in ohms. 

Now in Heat, p. 370, we saw that 1 gramuke-centigrade unit 
of heat is equivalent to 10' x 4*2 ergs, 


. • . the heat produced hy a current 
C amperes flowing for t sec. 
through R ohms 


lO^C'^^R/ _ (gramme-centigrade 
10"x4*2“ 4*2 units). 


Ex , — If the above described incanSescent lamp be immersed 
in 250 grammes of water for 10 minutes, and give up all its heat 
to the water, how much will the temperature of the water rise ? 
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Heat producfd in \ _ ( *5)** x 200 x 600 _ 80000 
600 seconds f 4*2 4*2 


= 7140 units, 


temperature of\ 
260 grammes j 


rises —28 '5 degrees Centigrade. 


Safety Fuse, — This is a short length of easily fusible wire 
(an alloy of tin and lead) which is placed in the circuit of each 
lamp or group of lamps, its thickness being selected so that it 
will carry the normal current of the circuit, but melt if an 
excessive current passes. It would be difficult in practice to 

adjust a fuse to this degree 
of accuracy, and owing to 
the small fluctuations in a 
modern lighting circuit it 
would generally be un- 
necessary to use one. A 
fuse, however, is always 
placed in any circuit of 
lamps or machinery to pre- 
vent damage or fire, in case of short circuit. The fuse should 
be in an accessible place, so that a fresh length of the fusible 
wire can easily be slipped into position. 

Explosive Fuse, — Electric fuses are also used for firing su]^ 
marine mines, torpedoes, etc. ; in these a short length of fine 
platinum wire is embedded in fine gunpowder ; when? a current is 
passed, the platinum becomes white hot and ignites the powder. 

Thepmo-eleetPielty. — In 1821 Seebeck found that when two 
wi^3s of different materials are twisted or soldered together at 
their endsi so as to form a complete circuit and one of the 
junctions is hea^pd, an electric current flows in the circuit ; and 
that, if the junction be cooled, a current also flows but in the 
reverse direction. Such currents are called thermo-electric. 
Fig. 120 is a simple apparatus for showing this ; the copper and 
iron bars forming the circuit are riveted or soldered together at 
each end, the frame is placed magnetic north and south, so that 
the needle N.S, lies parallel to the bars, ^ When the right-hand 
junction is heated, the needle is deflected and indicates a current 
flowing from copper to iron through the hot junction. If the 



Fig, 110.— SaCpty fuse. 
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ieftrhaud junction be gradually heated as well^as the right-hand, 
an E.M.F. is produced opposing that produced or? the right, so 
that the current diminishes, and finally disappears when both 
junctions are at the same temperature. 



Fig. 120. — Thenno-electric junction. 


The effect is also shown if a copp*cr and an^ iron wire be 
twisted together at one end, while the other ends are taken to 
' a galvanometer (Fig. 121); when the junction is heated, <6e 
galvanometer shows an E.M.F. from copper to iron. 

If several pieces of wire, alternately copper and iron, be 
twisted toother at their ends, and all the left-hand junctions 
be heated, the right - hand ones being maintained cool, the 
E.M.F. at each hot junction pushes in the same direction round 
the circuit, and we have an increased effect, just as when several 
Voltaic cells are connected in series. If both right-hand and 
left-hand junctions be heated the opposing E.M.F.S soon reduce 
the current to zero. Other metals may bemused in place 
' - S-F ■ 




Laws of Thermo-electricity. — The following laws are found 
to be true for a two-metal circuit — 

(1) The thermo-electromotive force is proportional to the 
difference of tempemture of the juncticwis, so long as the mean 
temperature of ‘the two junctions remains the same, e,g.x — 
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(a) Junctions at 40° and* 60° (me;#i temp. /)0°), we 

have a certain E.M.F. belonging to •the difference 
20° in temperature. 

(b) Junctions at 20° and 80° (mean temp. 50°), wo 

have three times the previous E.M.F.,* for th^ 
difference of temperature is now 60°. 

(2) With a given difference of temperature of the junctions, 
the thermo-electromotive force is proportional to the difference 
of their mean temperature from a certain temperature called 4}he 
neutral point; each pair of metals has its own fixed neutral 
point. For iron and copper it is about 260° C. 

(a) Junctions of iron and copper at 40° and 60°: — 

difference of temperature 20°; the mean temp. 
50° is below neutral point. 

(b) Same junctions at 180° and 200°: — difference of 

temperature 20° (as before) ; the mean temp. 190° 
is 70° below neukal point ; hence we have only one- 
third the previous E.M.F. 

(c) Same junctions at 250° and 270° : — difference of 

temperature 20° (as before); the mean temp, 
is 260°, which is the neutral temperature ; hence 
there is no E.M.F. 

Thermotile.— A thermopile is a compact arrangement of 
several thermo-electric ‘ pairs,’ grouped so that alternate junctions 
can be heated or cooled. Some years ago Clamond designed a 
thermopile intended to tfike the place of a battery, its alternate 
junctions were arranged in rings round a big BunsSn burner ; 
this thermopile did not answer very well, and seon dropped out 
of use, but it was interesting as an attempt to convert heat 
energy direct into electric energy, and to utilise it as such. 

However, the thermopile has proved extremely useful* in 
another field, namely, in the detection of minute differences of 
temperature. Nobili’s pile is adapted for this purpose; in it 
square rods of antimony and bismuth, 7 or 8 cm. long, are 
soldered together into a vertical strip (Fig. 122); they must 
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be carefully insulated so aa only to touch each other at the 
junctions. Several of the vertical strips are connected together 
and placed in a frame, so that all the even numbered junctions 
are at one end and the odd at the other. 

Tertfiinals are attached to the first antimonj^' and the last 
bismuth rod, and wires ate led from them to a delicate galvan- 
ometer : so sensitive is this thermopile that the heat given out 
by a match lighted 1 00 feet or more away from it is readily 
de|ected. A complete thermopile is shown at A in Fig. 123, it 



Fig. 123.— Nobili’s thermopile. 


is there connected up to a reflecting galvanometer on a distant 
shelf. In this instrument there are six vertical strips, each 
hkdng 14 junctions, the 42 junctions at one end of the pile 
appear a^ a square patch on the face presented to us in the 
figure ; C is a dong conical tube which protects, the face of the 
pile from any heat arriving from any* direction other than that 
in which the cone points. 

t The Electric Arc. — If two carbon rods be connected to the 
terminals of a dynamo or of a powerful batteiy (say 20 Grove 
cells or secondary cells), and if the ends of the rods be gradually 
brought near to each other, no current ia able to pass when they 
are as near as | inch or even at xAt ? but if once the 
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carbons be allowed to touch, a current passcsf and if they then 
be drawn apart about ^ inch, the current continues to pass, 
forming an * arc ^ of light across the gap ; the heat of this * arc ' 
is intense, hence the ends of the carbon rods become brilliantly 
white hot, emitting a light of high candle power. Submitted tc^ 
this temperature the carbons burn away, but not both at the same 
rate; the positive carbon (i.e. the one from which the current flows) 
bums twice as fast as the negative : the reason for this appears 
to be that particles of incandescent carbon are torn away from 
each rod, and are carried from on^ to the other, and that tlie 
greHter number of the particles travel with the current. A 
further result from this is that the positive carbon gets hollowed 
out into a crater, while the negative one becomes conical, as 
seen in Fig. 125. The heat of the electric arc is used in electric 
furnaces for welding steel, making carborundum, etc. 

In Fig. 124 we give a picture of two fluted carbons sketched 
after actual use in the St. Catherine’s Lighthouse, 

Isle of Wight. This lamp, now (1907) used at 
the South Foreland, has an illuminating power 
estimated at 50,000 candles, when supplied with 
a current of 400 amperes. Now the passage of 
such a current as this through even a metallic 
conductor of moderate dimensions would produce 
an appreciaf>le rise of temperature, hence, seeing 
that the electrical resistance of prepared carbon is 
about two thousand times as great as that of copper, 
it will easily be understood that an ordinary round 
^rben 40 millimetres (lyV in.) in diameter would 
be rendered hot by this current. To avbid 
this undue heating the*^ outside diameter of the 
carbons is increased to 60 millimetres (2| in.), and 
the carbons are moulded with the deep flutings piuSS^carbons. 
shown in the figure ; this provides a jpuch larger 
cooling surface than a round carbon of the same diameter, and 
by thus dissipating thb heat rapidly, it keeps the temperature 
down to a reasonable point. 
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Since an alterA'ating current has been used with these carbons 
the end of eadi is formed into a hollow crater. The fluting of 
the carbons tends to keep the arc in the centre of the carbons 
and to prevent it from flickering from side to side. These 

carbons, moreover, have a central 
core of softer carbon, which burns 
away more easily than the harder 
flutings, and thus helps to keep the 
arc in the centre. 

, Arc Lamp. — In utilising the 
arc for electric lighting the chief 
difficulties are (1) separating the 
carbons immediately the current 
starts, (2) regulating the distance 
beUveen the carbons, so that, as 
they burn away, the arc may always 
be the same length. The ‘ hand 
regulator’ or ‘hand lamp’ is the 
simplest; in it the carbons are placed 
in holders, adjusted by racks and 
pinions worked by hand : this form 
is still generally used for naval 
search lights. 

Automatic ar<5' lamps must be 
used for street lighting, for it would 
hardly pay to have a man at each 
lamp-post to keep the light going. 
Different devices are used by different 
makers — Brush, Crompton, etc. We 
will briefl/ describe the Brockie Pell 
Lamp, which is shown in section in 
Fig. 125. The current on arriving 
from the cable is led rougd the electromagnet M, which is wound 
with thick wire; from M the current passes to the positive 
carbon P by way of the metal rod info which it is clamped 
and the metal guides between which this rod slides ; from the 



Fig. 126 .~-Arc lamp. 
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positive carbon the current makes its way through the arc to 
the negative carbon N, and thence through the guide rods EK 
to the negative terminal, from which the cable conducts the 
current on to the next lamp. 

A light cord or chain KK passing over a pulley connects the, 
holders of the + and ~ carbons, so that whenever P descends 
N ascends to meet it; of course a block of some insulating 
material must be placed at one end or other of the chain K in 
order to prevent a ‘ short circuit ’ from one holder to the other, 
and the reader must understand that throughout the lamp due 
precautions are taken to prevent the current taking any short 
circuit. 

The movement of the carbons is, regulated as follows : The 
vertical rod which constitutes the holder of the positive carbon 
is formed into a rack, gearing into a pinion which is mounted on 
the same axle as the brake wheel shown behind B in the figure. 
When the brake B is lifted, it clutches the >vheel and raises the 
earbon P ; when the brake is lowered, it loses its grip on the 
wheel, and the weight of the positive holder makes it descend, 
so that the carbons approach one another. The brake is worked 
by the lever L, to which it is connected by a short link on the 
left ; and the lever is acted on by the moving cores C, c of the 
‘ sucking magnets ’ M, m. The electro-magnet m is wound with 
a fine wire To give it a high resistance, and is connected as a 
‘ shunt ’ across the terminals of the lamp, Lc. it is ‘ in parallel ’ 
with the electro-magnet M, the carbons, and the arc : hence M 
and the arc take the greater part of the current arriving^y 
the cable, while rti takes only a small fraction of tht current ; 
however, the wire on m has many more turns Aan the wire on 
M, therefore they suck their cores with almost equal force, and 
the lever is just balanced when the arc is burning well. If the arc 
becomes too long its resistance increases, hence less current passes 
through M and the arc, and more through m ; this increases the 
pull on c, and decreases the pull on C ; the brake is lowered 
slightly, loses its grip, •and allows the carbons to approach one 
another. Conversely, if the arc be too short, C is pulled more 
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forcibly than c; iSie brake grips the wheel, rises slightly, and 
separates the carbons. 

The electric arc between two carbons is influenced by a mag- 
netic field in the same way as a wire carrying a current (p. 760). 
^Hence the arc may be ‘ blown out ’ into a flame by the repulsion 
of an electric magnet, or may be controlled by the variations of 
a magnetic field. 

Discharge through Rarefied Gases. — Very beautiful luminous 
effects are observed when electricity is allowed to discharge 
through rarefied air or other gas, instead ot ‘ sparking ’ across an 
air gap at ordinary pressure. 

The ‘Electric Egg' (Fig. 126) forms one convenient means 
of showing these effects : it consists of a glass globe 8 or 9 in. 
high, cemented below into a brass socket, which can be screwed 
on to the plate of an air-pump. 

A brass rod, ending below in a knob, slides air-tight through 
the stuffing-box at . the top of the globe ; a second knob, is fixed 
to the rod below; wires from a Ruhmkorff coil are attached 
above and below. 

Before exhausting the air the knobs must not be separated 
by more than about half-an-inch, if we wish the spark from an 
ordinary coil to pass ; but as the air is pumped but the distance 
can be gradually increased, and at the same time the spark quite 
changes in character; instead of a sharp white flash at each 
spark, we find at first a luminous column of reddish purple We 
extending from knob to knob. As the exhaustion proceeds, and 
thfr knobs are further separated, the column splits up into a 
number of •bowed rays of bluish light, flickering about and almost 
'filling the globes a bright point of purplish ligW is seen on the; 
positive knob at the starting-point #f each ray, while the rays 
die away at a short distance from the "negative knob, and the 
negative knob itself is surrounded by a somewhat bright blue glow. 

Geissler’s Tubes also exhibit these effects in a very beautiful 
way: they are glass tubes often drawn into fantastic shapes, a 
simple one ia shown connected to the Ruhmkorff coil ip Pig* ^6 : 
at each end a platinum wire is sealed through 1^6 glass, and the 
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spaces betM’^eeii tlSem, are observed in the tube when the ex- 
haustion has been carried to a certain point. This effect in the 
Electric Egg is shown in Fig. 126 on the right. If before ex- 
haustion different gases be admitted into the tubes, so that a 
Jbrace of gas remains within them at the time of sealing, variations 
are observed in the colour of the glow ; thus, with hydrogen, 
the glow throughout the tube is a delicate mauve, but changes 
to crimson in parts where the tube is narrow; with nitrogen, 
the violet glow surrounding the negative pole is very bright, 
while throughout the tube a rosy hue prevails. 

Portions of the tubes are frequently made of glass containing 
uranium, which is almost colourless when exposed to ordinary 



Fig, I27.~Crooko8’ radiant matter tube. 


light, but * fluoresces ’ with a delicate green colour when the 
discharge passes through the tube. 

Crookes’ ‘ Radiant Matter.’ — Crookes greatly improved the 
methods of exhausting Geissler tubes, and proved that when 
a Very ‘high^ vacuum is obtained, a ‘something’ radiates in 
straight liA’es from the negative terminal : he called this some-, 
thing radiant rnaiter^ for it seems probable that it actually con- 
sists of a stream of negatively charged molecules of gas projected 
in straight lines from the terminal. Among the various in- 
genious methods employed by him to illustrate this, he contrived 
in an exhausted tube a li^ht paddle wheel, which is rotated by 
the stream of ‘radiant matter’ directed on its paddles. Such a 
tube is shown in Fig. 127. 

Rontgen Rays.— The rays, whether of light, of matter, or 
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of electric action, emanating from the negative terminal {Le, the 
cathode) of a vacuum tube have long been knowu as * cathode 
rays.’ The German physicist Lenard experimented on the 
photographic action of these rays a few years back ; but the 
sensational discovery that there are radiations excited by 
Crookes’ vacuum tube, by which it is possible to produce a 
photograph of the living skeleton, was reserved for another 
German physicist. Prof. W. C. Kontgen of Wurzburg dis- 
covered mysterious rays, which he named ‘ X-rays,’ emanating 
from a Crookes’ tube. These X-rays, he found, could pass 
through wood, cardboard, flesh and many other substances, 
which are quite opaque to ordinary light. Most metals proved 
to be oi)aque to the* rays, although when very thin sheets of 
metal were placed in their path, the rays passed through them 
to a limited extent, depending on the metals used. Aluminium 
proved to be very transparent to the X-rays, allowing their 
passage quite as freely as wood does ; bone, ivory, glass, etc., 
allowed the passage of the rays to a limited extent, being much 
more transparent than metals, but more opaque than wood or 
flesh. When we add that the rays act on a sensitive photo- 
graphic plate and produce in its film the same chemical changes 
as ordinary light does, it is easy to sec how photographs of 
bones or of needles or bullets embedded in the flesh may be 
obtained. 

A sensitive plate is wrapped carefully in two or three sheets 
of black paper, so that there is no possibility of ordinary light 
reaching the film ; the hand, for example, is then placed flaf^ou 
the plate and a Crookes’ tube fixed about a foot abov# the hand. 
As soon as the Crookes’ tube is excited by a^Ruhmkorff coil, 
the X-rays radiating from it fall, some on the hand, some 
directly on such parts of the black paper as are not covered by 
the hand ; of the rays falling on the hand those which only meet 
with flesh pass straight through it and then through the paper 
to the plate y those rays, however, whfch meet any bone in their 
path are for the most part stopped by it, hence a photographic 
shadow of the bones is formed on the plate. When the plate 
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is developed a negative *|)icture of the bones appears, and positive 
pictures can fee printed from this in the ordinary way. 

There is a fundamental difference between the mode of pro- 
duction of an ordinary photograph and an X-ray photograph. 
Ordinar^r light is refracted or bent, whenever it passes from air 
to glass or from glass to air, hence a lens can be used to hrii^ 
to a focus (Light, p. 556) light which has diverged from any 
point, and we can form on a screen an image or miniature picture 
of the objects placed in front of the lens. But up to the pre- 
sent no means of bending X-rays has been discovered ; they 
therefore cannot be brought to a focus, and the picture produced 
by them is merely a record of the shadow cast by the bones. 



Fig. 128.— X-ray focn8 tulx;. 


For this reason the pictures have been given the uncouth name 
Skiagram (a-Kta, sUa^ a shadow). 

Now just as with ordinary light we get a well defined 
shadow bordered by only a slight penumbra when the light 
emanates from a small source of light, such as a small candle 
fiahie, but get a confused shadow with a deep fringe of penumbra 
when the light comes from a large area, such as an opal globe 
(Light, p. 512)*; so with the X-rays we obtain the best defined 
photographs when the rays emanate from a ^mall surface. The 
‘focus tube’ shown in Fig. 128 is designed to give X-rays 
radiating only from a small area. 

ll appears that the X-rays do not originate at the cathode 
itself but^ at any point where cathode rays strike upotit some 
solid body ; moreover, the cathode rays themselvra always 
leave the cathode normally, that is perp^dicularly to the 
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surface — the greater number of rays coning from the side 
nearer to the anode. Hence if in a Crookes* t^be the plate 
which is used as cathode be flat or convex, the rays from it 
travel through the tube and the first solid obstacle they 
ordinarily meet is the glass of the tube itself. The glass then 
glows with a beautiful greenish yellow fluorescence wherever the 
cathode rays fall upon it, and X-rays are excited at and radiate 
from the surface of the glass wherever the cathode rays fall on 
it. This explains why skiagrams, if taken with an ordinary 
Crookes’ tube, are often ill-defined. 

In the so-called ‘ focus tube * the cathode K is shaped as 
part of a small hollow sphere, near the centre of which is placed 
the anode A. Thus the rays emerging from the inner surface of 
the cathode travel along the radii, and all impinge on the anode 
instead of on the glass, the anode therefore becomes the seat 
from which X-rays radiate, and, being comparatively small, it 
provides well-defined shadows. 

^ The student must not be misled by the name ‘ focus-tube 
into imagining that it afl'ords a means of focusing X-rays in any 
such way as a lens focuses light-rays, for, as ^before stated, no 
way of deflecting an X-ray has yet been discovered ; all that the 
focus tube does is to start the cathode rays in a convenient 
direction, so that the first solid object they meet is the small 
'Wnode plateif The anode plate is made of platinum and becomes 
red-hot after the cathode rays have be’eii falling on it for a few 
seconds ; it is fixed obliquely on its stem, so that the X-rays 
from it may pass out perpendieularly on one side of the ^ss 
bulb, and so fall directly on the object to be studied.* 

It is very interesting to watch the changes Jin the character 
of the discharge in a Crookes* tube if it be kept connected up to 
a Euhmj^orfF coil during the process of exhaustion. The first 
stages are similar to those in the ‘Electric Egg* (Fig. 126 ). 
At a certain stage the whole interior of the bulb is filled 
with a haaiy purple light; as the ^mping goeS on, a dark 
spa<^ begins to form round the cathode ; this dark space 
gradually increases until it reaches the glass of the bulb, the 
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glass then glowsit with a yellowish fluorescence wherever the 
dark space r/5aches it. Ultimately the purple haze is driven 
back so far that the dark space completely fills the bulb and the 
whole of the glass is fluorescent, the fluorescence being most 
brilliant^ where the glass is most directly exposed to the cathode 
rays. 

Fluorescence is caused in certain substances, notably barium- 
platino- cyanide when X-rays fall upon them. A convenient 
mode of exhibiting this fluorescence is by means of screens 
covered with a coat of the substance. If any objects be inter- 
posed between a focus tube and such a screen, no X-rays fall 
on the parts of the screen immediately behind those objects 
which are opaque to the rays, and on such parts of the screen no 
fluorescence is produced ; hence a shadow-outline of the opaque 
objects is formed on the screen, and constitutes an easily visible 
picture. In this way the bones and various moving organs of 
living animals caa be seen. 

We may note incidentally a striking difference betweeii 
Crookes’ * radiant-matter-rays ’ and Rbntgen’s ‘X-rays,’ the former 
can be deflected 1^ a magnet brought near to the tube, but the 
X-rays show no trace of deflection by a magnet 

Radio-Activity. — The discovery of the X-rays by Rontgen 
was followed by great activity in the researches into the nature 
of the electric discharge carried on in the Cavendish Laboratory 
at Cambridge by Professor J. J. Thomson and his school. At 
the same time, throughout the world much thought was given to 
allNiuestions connected with radiation. 

In 1896, Becquerel discovered that uranium and all its com- 
pounds emit rayr which can penetrate thin plates of metal and 
other substances opaque to ordinary light ; these rays act upon 
a photographic plate ; also, if they fall on the air surrounding an 
electrified body they cause it, as do the Rontgen rays, to lose its 
charge. Substances which give out such rays are said to be 
‘ radio-active,’ and the phenomenon is called Radio-activity. 

M. and Mme. Curie (1898-1903) extrsteted from pitch-blende 
a substance, radium, which is many thousand times more radio- 
active than uranium, and which also possesses the startling 
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property of maintaining its temperature several degrees above 
that of the surrounding air, and of continuously ^radiating heat 
energy without any apparent supply of heat being imparted to it. 

The rays emitted by radium are of three kinds — 

(1) a-rays, which are positively electrified and which have a 
very low power of penetrating solids, liquids, or gases. 

(2) ^-rays, which are negatively electrified and are more 
penetrating. 

(3) y-rays, which have great penetrating power, passing 
readily through 1 cm. of lead, arc observable even after passing 
through 12 inches of iron. 

a-rays are deflected only very slightly by the most powerful 
magnetic forces, /5-rays are easily deflected by them and y-rays 
undeflected. 

The study of radio-activity has thrown much light on the 
nature of electricity, and has also profoundl}^ modified our views 
as to the character of the chemical ‘ atom.’ It appears that the 
jathode rays (p. 808), discovered by Crookes in his tubes and 
described by him as ‘streams of negatively charged molecules of 
gas,’ consist of fragments of the ordinary chemical atoms, each 
being in magnitude about the thousandth part of a hydrogen 
atom. These fragments are now termed corpuscles ; each carries 
a negative electric charge which cannot by any process be 
abstracted from it, and each carries exactly the same charge, 
viz. 3*4 X 10“^® electrostatic units (p. ?01). 

The charge of a corpuscle is not capable of division by any 
means at present known ; it is, as it were, an ‘ atom of electricity,’ 
and for this reason the corpuscle has also been called tan electronti. 
An electron is the smallest fragment or detq^hed portion of 
matter yef known to science. 

The /8-rays emitted by radium have now been proved to be 
identical in nature with cathode rays, the main difference being 
that ^-r^ys have nearly the velocity of light, but the cathode 
rays only about one-twelfth that velocfty. 

Ions, — When discuesing the laws of electrolysis (p. 7 40) we 
explained that in a conducting liquid the electricity is actually 
mried through the liquid by material atoms, or groups of atoms 
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moving through it ; that each atom carries a definite amount of 
electricity, and that it, with its charge, is called a Ration or an 
Anion according as it carries positive or negative electricity. 

It has also been shown that the only way in which electricity 
can trayel through a gas, or through a so-called vacuum, is by 
being earned through it by rapidly moving particles of matter ; 
these particles, whether they carry positive or whether they 
carry negative charges, are called lom. 

The ions found in gases at ordinary pressures have an 
apparent size which is large compared with the molecules of the 
gas in which they are produced. 

A Negative Ion probably consists of an electron with a cluster 
of molecules attached to and moving with it. 

A Positive Ion probably consists of a molecule from which an 
electron has been expelled, together with a cluster of molecules^ 
attached. 

At low pressures the negative loti is simply a single electron ; 
t.e., as stated above, it is a fragment of an atom in mass aboi^t 
one -thousandth of the hydrogen atom and carries a definite 
charge of negative electricity. 

The positive ion consists of the remaining piece (nine 
hundred and ninety-nine thousandths) of an atom from which 
an electron has been expelled; therefore even at the lowest 
pressures the positive ion remains of atomic size. ' 

Ionization. — Since electricity can only be carried through a 
gaS;, by means of ions, it follows that when a charged body, 
such as a gold leaf electroscope, is surrounded by air or any 
gas, it carnot be discharged — provided the insulation of its 
support be perfect — unless ions are present, and the discharge 
cannot continue unless the supply of ions be iliaintained. 
Delicate experiments by Cooke, Rutherford, C. T. R. Wilson, 
and others, have shown that a slow discharge always takes place, 
and that its rate corresponds to the production of fromJOto 60 
ions per c.c. per second. ^ Such production of ions may be cfilled 
‘ natural ionization * of the gas. 

One of the most extraordinary properties of r^lo- active 
substances is their ionizing power; thus a gi^me of uranim 
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or thorium will produce many thousand ions per second, and a 
gramme of radium nearly a billion ions per second# 

Rontgen Rays owe their power of discharging an electroscope, 
on whose leaves they are allowed to fall, to the immense number 
of ions which they produce. 

It may cause surprise that particles so minute as electrons 
can be counted or indeed dealt with in any manner ; we will 
briefly allude to two experiments which give an idea of the 
methods employed. 

Mr. C. T. H. Wilson, knowing that an ion will serve instead 
of a dust particle as nucleus for a globule of water in the forma- 
tion of fog, used the method (p. 343) devised by Mr. Aitken for 
counting the number of dust particles in air. Air free from 
dust but containing moisture is placed in a closed vessel, and 
‘then made to expand siuhlcnly ; this causes a fall of tempera- 
ture, and moisture condenses into a globule round each ion. The 
globules can be counted as follows : the sfze and weight, of each 
c|,n be calculated from measuring the rate at which the fog 
settles down — the smaller the globules, the slower they fall ; the 
whole fog can then be Aveighed, and its weight divided by that 
of a globule gives the number of globules and therefore of ions 
present. 

Professor J, J. Thomson, in working on the deflection of 
cathode Tay^ by a magnet, placed in a vacuum tube (Fig. 127, 
p. 808) two metal screens with small circular apertures in line 
with the cathode ; the stream of iqps from the cathode was thus 
cut off, except for a small sheaf or pencil of rays which, pass it g 
through the apertures, fell on a fluorescent screen, fornfing there 
a disc of light. The pencil of rays, after passmg the §creons, 
was subjected to a magnetic force or an electric force of known 
strength ; this caused the stream of ions to deviate, and the 
deviation being measured enabled various calculations to be 
made. For example, in many cases it was found that the 
circular spot was drawn out into an efongated band, and from 
this it was proved that*the ions did not all move with the same 
velocity. 

Nature of X-Rays. — We have seen that X-rays are not 

3q 



816 


ELECTRICITY 


OHAft VII I 


produced directlji- at the cathode of a tube, but at the surface 
of any solid npon which the cathode rays irapinge. Now the 
cathode rays consist mainly of negative ions, simple electrons, 
projected with great velocity ; in their rapid movement the 
electronic produce electro magnetic effects similar to those of a 
current of electricity ; when suddenly stopped they give effects 
similar to those (pp. 763, 772) produced by the sudden stoppage 
of an electric current. Hence, <as a surface is bombarded by the 
electrons, electro-magnetic impulses are given out in an irregular 
manner from the points of impact. Although each impulse 
spreads out spherically, the effect due to the series of impulses, 
on account of their irregularity, differs from a wave of light. 
Sir George Stokes proved that such rays would not be refracted 
in change of medium, and would not bo deflected by a magnet. 

Recent modifications of the atomic theory of Dalton offer an 
explanation of radio-activity. There is evidence that the atom 
is a complex whole, built up of many individual sub atoms, of 
which electrons are examples, and that these sub-atoms are in ^ 
state of extremely rapid motion within the atom. ** The data 
at present available indicate that the number of corpuscles in 
the atom is equal to the atomic weight.” — J. J. Thomson. 

Further, there is evidence that in elements of high atomic 
weight those whose atoms are relatively heavy and presumably 
built up of a greater number of sub-atoms) the atom^ are liable to 
disintegration, a very minute fraction of the entire number of atoms 
being broken up in the course, of a second or even of a year. In 
thfe case of radium (a.w. about 224) this minute fraction is much 
greater than for other elements, and helium (a.w. about 4) is 
formed^as one rf the products of the broken-down atoms. 

When an atom of radium is broken down, an electron, which 
was moving at high velocity within the atom, is thrown off from 
it with that high velocity ; the /?-rays from radium consist of 
the (negative) electrons thrown off by the atoms ; the a-rays 
consist of the atoms which have thrown off electrons, and which, 
therefore, are themselves positive ions. “The y-rays are caused 
by the electro-magnetic shock given to the ether as each atom is 
broken down, 
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Early History — Apparatus Needed — Battery — Line Wires — Receiver - Morse 
Alphabet — Sender — Telegraph Circuit — Earth Return — Submarine Tele- 
graphs — Multiple Telegrajdiy — Relays — Tclephoiies — Bell’s Telephone — 
Hughes’ Microphone — Wireless Telegraphy. 

Early History. — As soon as it was discovered, more than a 
century ago, that electricity could be made to travel along a 
wi|;e or a damp string, which had been carefully suspended from 
insulating supports, the fluttering of the gold leaves of the 
electroscope and the movements of electrified pith balls at once 
suggested the idea of giving signals at a distance by means of 
electricity. 

In 1747, at Shooters Hill, near London, Bishop Watson sent 
the shock from a Leyden jar through two miles of wire hung 
from wooden poles, but this was a rather violent method of 
signalling: in 1774 Lesage, at Geneva, arranged twenty -four 
long wires side by side, and connected each to an electroscojJ6 
at the far end ; each electroscope indicated a letter, tfence by 
charging the wires in proper order words could be spelled out. 
Owing to the uncertainty of all work with frictional electricity, 
especially before the days of the Wimshurst machine, these 
attempts at telegraphy were of no practical use. 

The discovery of the voltaic battery put the matter on a 
different footing; in 1811 Sommering of Munich constructed 
a woi^kable telegraph, birf it was not till 1837 that the telegraph 
was made capable of commercial use, a result chiefly due to 
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Steinheil (Munirfi), Morse (America), and Wheatstone and Cooke 
(England). «• 

Apparatus Needed. — The principal things necessary to the 
working of the telegraph are — 

c 

(1) A Battery at each end to provide the current. 

(2) Wires to carry the current. 

(3) A Receiver (Indicator) to receive the signals. 

(4) A Transmitter (Key, Sender) to send the signals. 


(1) Battery. — The battery can be made up of Leclanch<^ cells 
if the line be little used ; Daniells [Post-Ofiice form] or bichro^ 
mates, if the line be a busy one. The number of cells in the 
battery varies according to the length of the line and the dia- 
meter of the wire, thus for a line 16 miles long about 20 cells 
would be used; for 150 miles 80 to 100 cells; for an Atlantic 
cable only 5 to 1 0 cells are used, the great delicacy of the re- 
ceiving apparatus being able to compensate for the very low 
battery power, w^hich has to be employed on a long cable. 

(2) Line Wires. — For many years iron wires were used, for 
although copper conducts six times better than iron it is about 



Fig. 129.—T«legra}ih insulatorA 


twenty times more expensive, hence a 
bigger iron wire could be used to com- 
pensate for its high resistance. »How- 
cver, there is a further o]3jection to 
iron ; on account of its being mag- 
netic, it does not permit working at 
very great speed. H ence, in late years, 
on all important lines, the iron wires 
have been replaced by copper. The 
wires are suspended from the familiar 
telegraph poles, and, in order to pre- 
vent the cun*ent from leaking away 
through the poles [for even dry wood 
will conduct a little], they are fastened 


to earthenware insulators. One of the thousand different forms of 


insulators is shown in Fig. 129, the object of giving it the umbrella ‘ 
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bell shape, as dotted in the figure, is that the underside may keep 
dry in rainy weather, and prevent leakage to the»central bolt. 

(3) Receiving Instrument. — The simplest form of Receiver 
to describe is the Morse Sounder. It consists of a horse-shoe 
electro-magnet MM, whose soft iron ‘armature’ A (not to be 
confused with the ‘ armature ’ of a dynamo) is fixed at the end 
of a lever LL. When no current passes, the end of the lever is 
held by the spring S against the stop T. But as soon as a current 
parses through the electro magnet the armature is attracted, and 
the lever strikes with a sharp click against the upper stop U ; a 
second click of a difierent tone is heard as the lever strikes the 
lower stop when the current ceases. If the current pass for *a 



Fig. 130 .— MoFHe sounder. 


short time only, the two clicks come close together, and the 
signal is known as a ‘ short ’ or a ‘ dot ^ ( - ) If the current 
pass for a longer time the clicks are separated by a longer 
interval, and the signal is called a ‘ long ’ or a ‘ dash ’ ( “ 

Morse Alphabet. — In the year 1837, Alfred Vafl, of Speed- 
well, the partner of Professor Morse, compiled aw alphabet “ based 
on the elements of time and space,” or as we should call it, “ dot 
and dash,” and he also designed the instrument described as the 
“ Morse Writer,” These have always been known by the name 
of Morse, because he was the surviving partner. The original 
alphabet is used in the Americas and Canada ; in Europe and 
the cotthtries to the dkst of it, which are signatories to the Liter- 
pational Telegraph Convention, a modification is used. 
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The Morse dot and dash are used for signalling by sounder, 
flashing-lamp, ‘ flag-wagging,* disc and lieliograi)h ; in needle 
instrument and siphon recorder, left and right, or up and down, 
correspond to dot and dash. 

In the Morse ‘ Writer * the electrical arrangement is the 
same as in the ‘Sounder*; but the end of the lever is fitted; 
with a style, or point, close above which there is fitted a small 
cylinder smeared with a specially prepared ink, and made to 
turn slowly. A longiBpp of paper from a roll passes between 
the style and the inky cylinder, and is drawn along by clockwork. 
Whenever the current passes the style presses the paper against 
the cylinder. A short current makes a dot on the paper, and a 
longer one makes a line or ‘dash.* We give a specimen — 



Ff^. 131 .— Specimen iiieHsage by Moree writ<*r. 


(4) Sending Instrument — ^The Sender is simply a key for 
starting and stopping the current The figure (Fig, 132) needs little 
explanation. A is connected to the line, B to our receiving in- 
^strument, C to our battery. When the key is untouched any 
current arriving from the line can pass and B to ^ our re- 
ceiver. When the key is depressed the connection at B is broken. 
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80 that no current can pass to our receiver, but the current from 
our battery passes via C and A to the line, and thence to the 
distant receiver. 

Telegraph Circuit. — The arrangement of tlie wires and 
instillments for sending from one place to another, say Bristol to 
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Earth Returi^; — As a matter of fact no return wire is used, 
for as early as 1837 Steinheil made the important discovery that 
the current could make its return journey through the earth. 
All that is necessary is to bury a big sheet of iron or any metal 
in a damp place close to the telegraph office at Exeter, and a 
similar one at Bristol, l^ires from P and Q are connected to 
these plates. The current is thus able to escape from the wircT 
into the earth at one end, and to climb out of the earth back to 
the battery at the other. 

Beginners are often puzzled with the thoughts, ‘ How does 
the current find its way hack ^ ' and ‘ How is it the currents from 
different places don’t get mixed ? ’ Perhaps the most honest 
way of answering is that the electricity does not find its way 
back, and that the different currents do get mixed. Certainly 
at the receiving office electricity — whatever it is — pours out of 




Pump 



Reading London' 

Fig. 134.>-Exp1anation of earth return. 


the instrument into the earth, and at the sending station electricity 
comes up out of the earth into the battery, but it is not neces- 
sarily the same electricity. 

We may illustrate this by a water analogy. Suppose a long 
pipe to lead from London to Reading, let its two ends dip into 
the (Thames, let it be filled with water^ and provided with a force 
pump in London. The pipe thus corresponds to the conducting 
wire, its open end^s to the two earth platea, the pump corresponds 
to the battery, and the Thames to the earth. If now the pump 
be worked, and force gallon after gallon of water out of the pipe 
at Reading, obviously it must suck up gallon after gallon at 
London, but these gallons sucked oip almost certainly are not the 
same gallons that have beet! poured out at Reading. Then does 
not the water flow back at all from Reading to London ? Of 
course smm water does. The effect of the outpour at Reading 
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is to raise the level imperceptibly there, an^ the effect of the 
intaking in London is to lower the level there. . The difference 
of level thus produced will in so large a river cause a very 
sluggish and quite imperceptible stream to flow, yet the flow 
will take place. 

So with our Bristol-Exeter telegraph, the outpour of electricity 
at Exeter will raise the electric potential {i,e, electric kvel) of 
the earth round about Exeter, and the intake of electricity (or 
outpour of - electricity) at Bristol will lower the potential of 
the earth near the Bristol office. The difference of potential will 
therefore cause an imperceptible current to flow back through 
the earth from Exeter to Bristol. 

Notice that if we had a return pipe from Reading to London, 
and the stream of water had to be forced back through it instead 
of flowing along the open river, the pump would have more work 
to do. So with electricity, when we have a return wire the 
battery has more work to do to force the current through it than 
when the current flows through the ‘ wide, wide world.' Hence 
the abolition of the return wire not only saves the expense of 
erecting one, but is a positive advantage to the working of the 
telegraph. 

Submarine Telegraphs. — These do not in principle differ 
from the telegraph just described, though there are many 
difficulties to be overcome in their use. The first difficulty is to 
provide a * line ' strong enough to' stand the rough wear of rocks 
in shallow water and the strain of lowering to the bed of the 
ocean, and at the same time perfectly insulated. In ^ the 
Atlantic cables there is a central ‘conductor' of sewen copper 
wires twisted together. This is surrounded ^ith guttapercha, 
then with hemp, which has been served with tar, oil, and 
beeswax, and outside of all is a protecting cover of steel wires 
wound spirally. 

The second difficulty is thay^ie cable behaves like a gigantic 
Leyden jar; the copper wiijes form Its inner coat, the gutta- 
percha, etc., correspoipl to the glass of the jar, and the steel 
covering and water to the outer coat. Hence a battery of low 
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E.M.F. must be otherwise a dangerously large charge would 
be given to tjie cable. When a battery is connected to the 
copper conductor at one end it has to charge up all the near part 
of the cable before the current makes its way to the distant end ; 
in fact, in the Atlantic cables it takes about one-fifth of a second 
before any trace of a current reaches the other side. The current 
flows in much the same way as the tide does in some rivers — 
first, a big wave that travels somewhat slowly Jilong ; in front of 
it no tide, behind it a rapid stream. Three thousand miles in 
one-fifth of a second can hardly be called slow, yet it is too 
slow for the economical sending of messages, and special methods 
of counteracting this trouble had to be devised. We have not 
room to describe them. 

The third difficulty is that the current, which can be forced 
by a small E.M.F. through a long cable having a high resistance, 
is very weak, and Avould be quite incapable of working the 
ordinary Morse Sounder or the Needle instrument. At first the 
current was received in a Reflecting Galvanometer ; in fact^, 
Lord Kelvin (Sir William Thomson) invented this galvanometer 
for the purpose, and the message was read by watching the 
movements of the spot of light to the right or left. At present 
Lord Kelvin’s ‘ Siphon-recorder ’ is universally used for long 
submarine cables. In this the current passes through a very 
light coil of fine copper wire, suspended by a silk thi'ead between 
the poles of a set of horse-sboe magnets. The coil carries a 
light glass siphon with a long arm or pointer, from the end of 
whkh a fine jet of ink is spurted out and made to trace a line 
on a paper^strip, which is drawn along close to the pointer. The 
coil moves so easily that the slightest current is able to affect it, 
and each movement is recorded as a wave in the inky line. 

Multiple Telegraphy. — The utility of the telegraph on busy 
lines has been increased greatly by various methods invented for 
sending more than one message along the same wire at the same 
time. We can only give without details a hint as to the way in 
which this is done. 

Duplex System (for sending one message from each office). 
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— ^The arrangement of wires, batteries, and instruments is given 
in the diagram, a possible distribution of resistances being given. 
The coiled lines represent resistance coils purposely inserted. 
The resistance of the ‘line* is taken as 1000 ohms, while 
the resistances of the earth, the batteries, and of short* connect* 
ing wires is neglected. 

Suppose the London key K depressed, a current flows from the 
battery and splits at 0 into two branches ; the first branch flows 
viA A and C to the earth and back to the battery ; the second 
bi*anch flows along OL, then follows the line to L' ; at L' at 
again splits, about half of it original current) flowing from L' 



Ho O^and thence mCi to the earth. The other half (J original 
current) flows through the Morse receiving instrument M', where 
it makes a signal, it then goes on to A', where a trifling fraction 
flows through the high resistance 1010 ohms to*C'andthe earth, 
but the greater part flows through the 20 ohms to O', and thence 
through the key K' to the earth. 

Thus, depressing the London key gives a signal at Newcastle, 
But will it also affect the London ii^trument Ml No ! We 
will try to show why not. 

The path of the current from U to the earth plates E^, by 
having |wo or three routes to branch along is rendered more 
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easy than if only Ihe 20-ohm path L'O' were open ; hence the 
‘effective resistance’ to the current from L' to the earth is 
about 10 ohms, which, added to the resistance of the line, gives 
about 1010 ohms as the resistance from L to the earth at E'. 
Hence, again tracing the current from its first split at O, along 
one path there is resistance 20 ohms 0 to L, followed by 1010 
ohms L to E' ; along the other path 20 ohms 0 to A, followed 
by 1010 ohms A to E: hence L and A are in just the same 
electrical position, they are at the same potential, and there is 
no E.M.F. to drive the current from L to A through the instru- 
ment M. Similarly, Newcastle can send a signal to London 
without disturbing its own receiving instrument M'. 

If both want to send a signal at the same time, both keys 
K and K' are depressed ; each battery struggles with equal 
E.M.F. to send a current in opposite directions along the line, 
there is a deadlock, and no current whatever passes in the line ; 
yet each receiving instrument, acted on by its own battery, gives a 
signal which is as useful as if it came from the distant place. 

This is called the ‘ bridge ’ method because, as in the Wheat- 
stone bridge, the circuits are balanced so that no current passes 
tlirough the sender’s receiving instrument. 

Land lines are now usually duplexed on the ‘differential’ 
method. Each receiving instrument is wound with two coils ; the 
operator sends through one of these coils his line current and 
through the other a local current of equal strength and opposite 
direction ; these neutralise each other and leave the instrument 
to be actuated by the distant station. 

Relays. — The line currents are not usually strong enough to 
work the receiving instruments, and a relay is used. This is an 
electro-magnet with a light armature kept away from a contact 
pin by a spring ; the line current causes the electro-magnet to 
attract the armature and make contact, bringing a local battery 
into circuit with the receiv^'ng instruments. A long line is usually 
divided into sections, from each of which the message is auto- 
matically transmitted to the next by a retfty. 

For information concerning polarised relays and double 
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current working, the various printing and ojher receiving instru- 
ments, as well as the refinements of line insulation and balancing, 
refer to Telegmj>hy and Telephony, Crotch (Spon), or Telegraphy, 
Herbert (Whittaker). ^ 

Telephones. — Telephones are instruments for ^conveying 
sound to a distance; as early as 1860 an instrument was 
designed by lieis which was capable of conveying musical 
sounds, which consist in comparatively simple vibrations, but 
it was incapable of properly transmitting the complicated 
vibrations of human speech. In all telephones there are two 
essential parts — ( 1 ) an instrument to be spoken into called the 
Transmitter ; (2) an instrument to bo listened to at the distant 



place called the Receiver. The Receiver devised by Reis was 
fairly perfect, but the Transmitter was inefficient, and it was not 
till GrahAm Bell in 1876 invented his instrument that the 
telephone became of practical use for speaking. Bellas Receiver 
was identically the same as his Transmitter, and still, with 
various trivial modifications, continues to be the type^f all 
Receivers ; it has dropped out of use as a Transmitter owing to 
adoption of the Microphone Transmitter, irwented by Hughes 
in 1878. 

Bell’s Telephone (used as a Receiver). — A long magnet AB 
is fixed in a wooden or ebonite block WW, of the well-known 
shape shown in Fig. 136. Round the pole B of the magnet is 
fixed a coil C of fine insulated wire*/ whose ends are connected 
with the terminals tfr, T. A plate P of very thin sheet-iron 
(usually called ferrotype iron, and similar to that used by cheap 
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likeness- while-you-W|iit photographers) is held firmly at the edge 
(])y a cap or, ring which is screwed over it), so that the centre of 
the plate is very close to the pole B of the magnet. 

If a battery be connected to T, T, the current thus made to 
pass round the coil C increases the strength of the magnet AB, 
and gives an extra pull at the centre of the disc P, causing it to 
bulge inwards, just as the lid of a tin box does when any one 
sits on it; if now from any cause the current be slightly 
increased, the disc is attracted more powerfully and its inward 
bulge is increased, and if, on the other hand, the current be 
decreased slightly the disc springs back a little. The disc is 
extremely sensitive to the fluctuations of the current ; hence it 
is able to follow and to vibrate exactly in time with the sound- 
vibrations which (as explained in the next paragraj.)h) })roduce 
fluctuations of current in the Transmitter at the distant station 
whenever it is spoken into. Since sound consists merely of 
vibrations, the disc in* vibrating gives out an exact copy of the 
spoken sound, and it is this copy which we hear when we apply 
the ear to the opening in front of the disc P. 

Hughes’ Microphone. — The microphone consists essentially 
of a rod of carbon with sharpened ends which rest loosely in 
cups hollowed out in two blocks of carbon. These blocks are 
connected to terminals from which wires lead to a battery of a 
few cells, in whose circuit a telephone is also placed^ In the 
improved microphone, whose interior is shown in Fig. 137, there 
are six short carbon rods C, C, which lie each with one end rest- 
ing lightly in a cavity in the central carbon block. The other 
ends of the r6ds rest each in one of the small outer carbon blocks, 
which are themselves firmly screwed to the two forked strips of 
copper on the base board. A current arriving by one of the 
terminals BB passes to a copper strip, thence splitting into three 
branches it follows three of the rods CC to the central block, 
and thence it again flows in three branches along the remaining 
rpds to the further copper strip, and finally passes out through 
the other terminal to the outside circuit. ^The working of the 
instrument depends on the fact of there being considerable 
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electrical resistance to the passage of the current at the point 
where a rod lies looseiy against its support; an increase of 
pressure at the point of contact allows the current to pass more 
easily, while a decrease of pressure increases the resistance ; hence 
when any sound produced near the instrument causes the rods 
and their supports to vibrate, the variations of resistance causecV 
by the varying pressure at the loose contacts cause in the current 
vibrations which keep exact time with those of the sound : 
the fluctuating current ^)asscs through the telephone and there 
reproduces, as explained in the last paragraph, a copy of the 
sound which agitates the microphone. 

It is to be noted that it is the electric current, deriving its 



energy from the battery, which does the sound-producing work 
in the telephone : the sound near the microphone merely opens 
and shuts as it were a tap for the passage of the current, 
and just as a child can open the valve for a powerful &fceam 
syren, so a very feeble sound may suffice to start and stop 
the current, and thus produce a fairly loud s^und in a distant 
telephone. 

The microphone is so sensitive as to transmit the sound 
produced by the tramp of a fly across its sounding board. 
Hence its name, from fiiKpa, micra, small, and </>o)i'7), a 

sound. 

Before the invention of the microphone, BelFs telephone had 
to be used for transmitting as well as receiving ; in this case no 
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battery is used, b^jit the vibrations caused by the voice in the 
iron plate P, bringing it nearer to or further from the pole of the 
magnet and its coil C, cause variations in the induced magnetism, 
and these again cause induced electric currents in the coils ; the 
induced /lurrents travel along the wires to the distant telephone, 
and there reproduce the original sound. 

The telephone familiar to us in a modern exchange is a ‘watch ’ 
receiver and a ‘ solid-back ' transmitter combined. A ‘ watch * 
receiver is a Bell telephone ; the magnet Ss a ring placed parallel 
to the ferrotype plate, with two pole-pieces wound with coils of 
wire brought close to the plate. The transmitter is a box filled 
with carbon granules ; the })ack or bottom of the box is a brass 
plate faced with carbon ; a similar plate is fastened at its centre 
to the mica top of the box and to a ferrotype plate, clamped at 
its edge and vibrating with the voice. The current passes between 
the two brass plates, and* the granules act as a microphone. 

Wireless Telegraphy. I. Prkeok. — Telegraphy without the 
use of a line wire has been known in one form or another for* 
many years. In 1859 Lindsay sent signals across the Tay where 
it was three-quarters of a mile wide. In 1882 Sir W. Preece 
sent messages across the Solent from Portsmouth to the Isle of 
Wight. In 1886, when the cable to the Scilly Isles was broken 
down, messages which were passing in the neighbouring French 
Atlantic cable were read on the broken-down Scilly* cable : and 
in 1892 Sir W. Preece sent messages from the coast of S. Wales 
to the Flatholm, an island 3 miles distant in the Bristol Channel. 
His cignalling depended on electromagnetic induction — it was in 
fact merely^ the carrying out on a large scale of the experiment 
described, pp. 76 !•, 762. Two loops of wire ^ were erected roughly 
parallel to each other, one nearly a mile long on the mainland, 
one 600 yards long on the island. Rapidly repeated starting 
and stopping of the current in one loop (corresponding to coil A) 

caused kicks of current in the other loop (corresponding to coil 

« 

' The loops were not nctiially complete, an ‘ eafth return * being used in 
each. This fact makes it possible that the sound in the telephone may have 
been partly caused by the primary current spreading out across the channel. 
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B) ; these kicks caused a buzzing noise in a tefephone connected 
to this loop. Combinations of ‘ short ^ buzzes and* ‘long’ buzzes 
gave the message in the Morse alphabet. 

II. Hertz, Lodge, Marconi. — Whenever a spark passes 
between two knobs connected with a Ruhmkorlf coJl or , a 
Leyden jar, a violent rush of electricity occurs which may be 
accompanied by an oscillation or surging of electricity in any 
conductors connected with them. 

Just as the explosion of a mine under the sea will send out 
a set of waves expanding in ever-widening circles over the 
surface,* so this surging gives rise to an electric disturbance 
which spreads in widening spheres throughout space. The 
existence of such a disturbance was proved experimentally in 
1887 by Hertz, whose early death in 1894 was a great loss to 
science. 

The waves from the explosion will, when they reach a distant 
boat, set it rolling ; and the rolling will be most violent when 
the ‘period’ (p. 423) of the waves happens to be the same as 
the period of swing of the boat. So when the radiating electric 
disturbance reaches any distant conductor it causes electricity to 
surge about in that conductor. Hertz arranged a conductor so 
that the natural time of swing of electricity within it agreed 
with that diys to the exciting sparks, and then found that the 
secondary surgings in this distant condu’ctor gave rise to sparks 
whenever sparking occurred at the coil or jar. This effect was 
produced at distances up to about twenty yards. 

In 1889-90 Branly and Prof. Oliver Lodge arranged debate 
detectors (called ‘ coherers ’) of the Hertz waves. It was found 
that a glass tube packed loosely with iron or copper filings, when 
placed in the circuit of an ordinary battery, offered so much 
resistance that scarcely any current was indicated by a galvan- 
oiheter included in the circuit ; but when a spark was produced 
in a coil distant over fifty yards, the, filings in the tube im- 
mediately began to conduct readily and would continue to con- 
duct until disturbed by tapping or shaking. 

The cause appears to be that, whenever two filings are rest- 
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ing together in l^ght contact, high electric resistance occurs ; a 
distant spark causes surging in the particles, and, in consequence, 
minute sparks — far too minute to be visible — pass between 
them. This causes a delicate welding of the particles together, 
a ^welding sufficient to materially lower the resistance, yet so 
slight as to be fractured by a very feeble mechanical jar. 

The Italian physicist Marconi has seized on this discovery, 
and, having experimented as to the most sensitive material to 
be placed in the tube, has constructed an ingenious apparatus 
which will respond to the Hertz disturbances even at thousands of 
miles’ distance (it should be noted that they are then many 
million times more feeble than at fifty yards). The details of 
his apparatus need not be described : the main features are as 
follows — a weak current through the coherer actuates a ‘ Relay ’ ; 
the current through the relay gives the signal and also works a 
tiny hammer, which taps upon the coherer, thus restoring its 
high resistance, stopping the current in it, and leaving it 
sensitive and ready to receive the next surging signal which 
arrives. 

The most sensitive method of receiving messages is to put a . 
telephone in circuit with the coherer : it is by this method that 
the most distant messages have been received. 

Wireless Telephony is effected by superposing the complex 
changes of current, due to the motion of the* microphone 
diaphragm, on a high-frequency aerial discharge. Only by using 
high frequency is it possible to affect a distant receiver, while 
usihj^ a comparatively small quantity of electricity, and to^ 
transmit file higher harmonics, which give the sounds of speech 
their charactert Duddell’s ‘‘singing arc” controlled by a 
magnetic field has been used by Poulsen, as it gives a leries of 
rapidly intermittent electrical rushes, or the current may be 
developed by a high-frequency alternator. The form of tbe 
sound-waves is imposed on these vibrations by employing a 
microphone directly in t£e aerial wire in series with the alters 
nator or in series with- the current indudkig the magnetic field. 
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Dynamos and Motors 

Dynamos — Faraday’s Disc, as a Dynamo, as a Motor — Magneto Machine — 
Collector and Commutator — Gramme Machine — Field Winding — Series — 
Shunt — Compound — Modern Generators — Armature W inding — Armature 
Reaction — D. C. Motors — Commutation — Efiiciency — Alternators — Poly- 
phase Working — Polyphase Motors — Rotary Converters — Single Phase 
Series Motor. 

Dynamos. — Dynamos are machines for producing electric 
currents by means of mechanical work : the word dynamo is de- 
rived from the same word as dynamics (Greek Bvvafits, dynamis, 
^ force or power), for in the dynamo the force of a man, a steam- 
engine, or a water-wheel is utilised to drive the machine, and so 
to convert mechanical energy into electrical energy. 

The working of all dynamos depends on the principles of 
magneto -electric induction, which we discussed in Chap, VI. ; 
in all of theiA either a magnet is moved in the neighbourhood of 
a coil, or a coil is moved in the neighbourhood of a magnet, and 
the magnet used may be either a permanent magnet or an 
electro-magnet. In the earliest dynamos (then called magneto- 
electric machines) permanent magnets were used, bdt at* the 
present time their place is taken by electro-magnets, which are 
so mucHhnore powerful ; in the case of the small dynamos used 
for medical coils, for magneto-ignition in motors, or for working 
call-bells for telephones permanent magnets are often retained. 

After ejcplaining Faraday’s disc, we will describe machines of 
each type, taking^ first the magneto-electric machine, and then 
the Gramme and the Siemens dynamos. 

Faraday’s Disc. — This interesting piece of apparatus is 
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represented in Ftg. 138: it consists of a copper disc mounted 
lightly on a *Spindle, so that it can rotate between the poles of 
a vertical horse-shoe magnet; the bearings of the spindle are 
insulated from the magnet, but have a connecting wire leading 
dpwn the magnet and under the base board to one of the bind- 
ing screws ; the rim of the disc is well amalgamated with 



Fig. 188 .— Faraday’s disc. 


mercury and dips at its lowest point into a narrow trough of 
mercury from which there is a connection by way of the upright 
column to the other bidding screw. Wires |j’om the binding 
screws can be led either to a battery or to a galvanometer as 
desired. The disc can be spun by meanS of a small pulley on 
the spindle. 
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The Disc as a Dynamo. — Faraday’s disc was invented by 
him in 1831, and is of peculiar interest from the fact of its being 
the first machine in which a continuous current of electricity 
was produced by the help of magnetism and motion. It was 
therefore the forerunner of all dynamos and magneto -^electric 
machines. It was designed in the course of those classic researches * 
of the great Faraday in which he brought to light the fact that 
currents of electricity could be produced by magnetic action. 
The instrument is of further interest, because its action — 
although difficult to understand by means of the laws of induc- 
tion as we gave them in Chap. VI. — illustrates simply another 
way in which the laws may be expressed. 

Law of Induction. — “ Whenever a wire, or other con- 
ductor, moves so as to cut through lines of magnetic force, an 
E.M.F. is set up in it equal to the number of lines of force cut 
through per second.” 

Now the Faraday disc is traversed at right angles by the 
lines of force running from the N pole to the S pole of the 
magnet : hence when the disc is rotated the vertical radius from 
the mercury trough to the spindle is always cutting perpendic- 
ularly through the lines of force. By connecting the binding 
screws to a galvanometer we may verify the fact discovered by 
Faraday that a current flows continuously from spindle to trough 
or vice versdf^m long as the spinning is continued ; and that the 
direction of the current is reversed when the direction of 
spinning is reversed. 

The direction of the current may be ascertained by the belp 
of Fleming’s rule, which is as follows : — 

Fleming’s Rule, Part I. (Current induced, by motion). — 
Having clenched the right hand, open out the thumb and two 
fingers as in Fig. 65, then place the hand so that the index 
finger points along the lines of force, and the thumb points in 
the direction of motion, then the induced current flows in the 
direction in which the mid finger point*. 

Applying this rul^*to the disc, as shown in Fig. 138 ; if the 
disc be spinning ‘ clockwise ’ and the N pole of magnet towards 
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US, then the for^nger must point from us through the paper ; 
the thumb points to the left, hence the mid finger shows that 
the current flows downward from spindle to trough. While 
if the rotation be ‘ anti-clockwise ’ we see, by twisting the hand 
at the jyrist until the thumb points to the right, that the current 
then. flows upwards. 

The Disc as a Motor. — If the wires from the binding sci*ews 
be led to a battery we find that whenever the circuit is com- 
pleted the disc is set in rotation by the passage of the current 
along its vertical radius : a reversal of the battery current causes 
a reversal of the direction of rotation. 

Attention to Lenz’s Law (p. 763) at once gives us the direc- 
tion of rotation : when the disc is used as a dynamo the induced 
current flows in such a direction as to oppose the force which 
produces the motion ; hence conversely when we supply the disc 
with a current the direction of motion is opposite to that which 
ivould produce the' current. That is in 'Fig. 138, if the current 
flow upward from trough to spindle, the rotation is ‘clockwis^^ 
and vke versd. 

If we open out the thumb and two fingers of both right hand 
and left hand a glance shows that the thumbs point in opposite 
directions ; this fact at once leads us to the following : — 

Fleming's Rule, Part II. (Motion induced by current). — 
Place the left hand in a position similar to that*bf the right 
hand in Part I., then the thumb points in the direction of 
motion. 

«>Magneto Machine. — The ‘magneto-electric' machine was 
invehted fey Pixii in 1833 and subsequently improved by Clarke 
and others. The form we describe is a lecture apparatus de- 
signed to show the parts clearly. 

A powerful horse-shoe magnet NS, generally built up of 
two or three separate magnets bolted together, is fixed on a 
wooden frame, shown in the figure. C and D are coils at each 
end of a soft iron bar, Vhich is mounted on the spindle P so 
that it can be spun rapidly by means of Vhe handle and driving 
gear. The same wire is wound in suepessiofi round both coils, 
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but care must be taken, as in winding an electro-magnet, to wind 
C in the opposite way to D. The coils are wound on soft iron 
cores, so that the revolving bar with its pair of coils is practically 
an electro-magnet, the difference being that, instead of supplying 
it with a current so as to produce magnetism, we supply it with 
magnetism so as to produce a current. When the coils are’irT 
the position shown in Fig. 139 their soft iron cores and connecting 
bar are strongly magnetised by the induction of the permanent 
magnet ; C has a S pofe facing the N pole of the permanent 



Fig. 139.— Magueto-iaachine— Position I. 


magnet, and D has a N pole facing the S pole of th(^ permanent 
magnet, so that many lines of force pass through the coils in the 
direction NCDS. 

After the spindle has been twisted through a quarter turn 
the coils are in the symmetrical position shown in Fig. 140, 
and the cores are no longer magnetised, for each is equi-distant 
from the N and S poles of the permanent magnet, and there is, 
therefore, no reason ^y one more than the other should have a 
IT pole. In this position no lines of force pass through the 
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coils, hence in passing from the first to the second position the 
number of lines \>f force passing through the coils has been 
continually diminishing, and a current flowing in the direction 
of the small arrows is induced in the coils (as in Experiment 
4, described on p. 765). 

During the next quarter-turn the coils approach position III., 
the cores become again magnetised, but the lines of force are 
threaded through them in the opposite direction, for D is near 
the N pole of the permanent magnet, that the lines of force 
enter the coils through D and emerge at C : the effect of in- 
creasing the number of lines threaded in an opposite direction 
is the same as that of decreasing the number of lines ‘in the 
original direction, hence during this quarter-turn there is an in- 
duced current still in the direction of the small arrows, in Fig. 1 40. 



Fig. 140. Fig. 141. 

Magneto-machine— Position IT. Magneto-maciiine— Position III. 


Careful consideration will show that during the next half-turn 
everything is reversed, the coil D makes the same movement 
that C made in the first half-turn, hence the currenf induced in 
D will flow in the direction of C's small arrows in Figs. 139, 140, 
that is, the current in it is reversed. Similarly the current in 
C is reversed. 

Collector and Commutator. — The next question is, how to 
utilise the current generated in the coils during their spin. If 
we merely wish *to get a shock, the direction of the current is 
immaterial — in fact an alternating current, that is, one first in 
one direction and then the other, is more effective than a con- 
tinuous current — the ends of the wire from the coils may be 
fastened, as in Fig. 142, two metal rings carefully insulated 
and mounted on the spindle : two springy strips of brass called 
brushes are fastened to the binding screws A, B, so as to press 
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against the rings and thus carry off the current to the wires 
W, W. 

If we wish the current to flow always in the^same direction 
in the wires of the external circuit, we must use a commutator 
(Le, changer) in place of the rings ; the ends of the wire from 
the coils are brought to two half rings, T, U, insulated from^ 
each other by two gaps, one of which is shown in Fig. 143. 
The brushes are fixed on opposite sides of the spindle, so that 
one is in contact with e^ach of the half rings. During the half- 
turn, when the current comes out of C, its half-ring T is in contact 
with A j and during the next half-turn, while the current comes 
out of’ I), the spindle is turned the other way, U is in contact 
with A, and therefore the current still emerges from the machine 




by the terminal - A and returns to it by the terminal B ; hence 
we call A ^the positive terminal of the machine and B the 
negative terminal. 

Gramme Machine. — In the course of time various improve- 
ments were made in dynamo construction, but no great advance 
was made until, in 1871, Gramme of Paris inventedT his 
‘ Gramme Ring ’ : it was his inventions, followed rapidly by 
those of Siemens, that rendered electric lighting commercially 
practicable. 

To understand Gramme’s machine, let us consider what will 
happen in a small coil or ring of wire which is made to pass in 
succession through the positions nugibered 1 to 8 between the 
enlarged pole pieces of the magnet shown in Fig. 144. The 
lines of magnetic force run from N to S almost as straight lines ; 
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at 1 the greatest possible number of lines pass through the coil ; 
moving on past 2Hhe number of lines is decreased until at 3 no 
lines pass through the coil. Further movement through 4 to 5 
causes the lines again to pass through the coil, bui in the opposite 
direction, they now pass from b to a instead of a to b, hence 
•the induced current flows round the jpoil in the same direction 
for all the positions from 1 to 5 ; this direction is shown -by 
the small arrows. Continuing the movement through 6, 7, 8, 
the induced current flows in the opposite^ direction along the wire, 
although in the figure it seems to be in the same direction, for 



the coil is turned over ; at 1 and at 5, where the change takes 
place from one^ direction to the other, no current is induced in 
the coil. 

Now instead of a single coil let us consider eight coils, one 
in each of fhe positions 1 to 8, and let these coils be connected 
together end to end, so as to make one continuous coiled ring 
of wire : clearly each coil acts in the same way as the single coil 
in the same position, hence the left-hand half and the right- 
hand half of the ring tend with equal force to drive a current 
in opposite directions round the ring, and in consequence no 
current at all is able to flow. 

How then are we to utilise these opposing currents ? By the 
help of a ^ commutator ’ similar to the one wo used in the mag- 
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neto machine : but as we now have eight coil^ instead of two, we 
must have eight * segments ^ in the commutator instead of the 
two half-rings before used. The ‘ segments ^ are small strips or 
blocks of copper placed regularly round the spindle, and insulated 
from one another by air gaps or by strips of mica placed between 
them. Two brushes press against the commutator, one being ii\ 
contact with the segment that happens to be highest, and the 
other with the segment that is lowest, as at BB in Fig. 145. In 
practice a slight" * lead ' has to be given to the brushes ; that is 
instead of being absolutely at the highest and lowest points of 
the commutator they are shifted forward in the direction of 
rotation. 

A wire is led to each segment from the corresponding 
junction of two coils in the ring. In this way the currents 
flowing down the right-hand and left-hand halves of the ring, in 
lieu of fighting, are enabled to unite at the bottom of the ring, 
and flowing along the wire to the lowest segment and brush are 
^ enabled to pass vid a terminal to the external circuit. Thence 
they return to the upper brush, the highest segment, and to 
the top of the ring, where they again split into two parts, each 
flowing down its own side of the ring. 

In the actual Gramme dynamo there are usually about 
twenty-four coils in the ring, they are wound close together 
on a soft iron core, which serves the dotible purpose of holding 
the coils in position and of concentrating the lines of force of 
the fixed magnet, so that as many lines as possible may pass 
through the coils. 

If the core were made in one solid piece, the same movement 
which generates currents in the coils would gejierate them in the 
core. These currents — eddy currents (see p. 767) — cannot be 
utilised, and they possess two disadvantages ; first, they tend to 
heat the core, secondly, they make the^-work of driving the dynamo 
.more heavy. To avoid this the core is built up of iron wire 
wound round and round to make a ?ing, and the wire is covered 
with an insulating wnish at the time of winding, so as to resist 
the passage of a current from one turn of the wire to another. 
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The simple form of Gramme machine has a group of three 
or four permanent horse -shoe magnets with enlarged pole 
pieces, such as are shown at N and S in Fig. 144. These mag- 
nets are called the Field Magnets^ because they produce the 
magnetic field in which the coils spin. The revolving ring with 
Its 'coils and commutator is called the Armature. {N.B, The 
armature of a dynamo must not be confounded with the 
armature of a magnet, of which we spoke on p. 637.) 

It was soon seen that a dynamo giving mucli more powerful 
results could be obtained by using electro-magnets instead of 
permanent magnets for the field magnets ; as a rule a current 
produced in the dynamo itself is used to excite them. 



Pig. 146.— Sories winding. 


Field W/nding. — Figs. 146, 147 represent two drum-wound 
machines (see p. 844, Modern Generators), with the end brackets 
removed and the armatures A, A and brushes B, B in position. 

(1) Series. — If the current from the brushes pass, as in 
Fig. 146, round the field magnets and the external circuit in 
series^ the dynamo is said to be ‘ series wound.’ Since in such a 
dynamo the field magnets •»are excited by identically the same 
current as flows in the external circuit, thei, strength of the field 
magnets, and therefore also the voltage, rises and falls as the 


X 


DYNAMOS AND MOTORS 


843 


current in the line risqs and falls ; that is, the E.M.F. rises as 
the load rises. This system of winding is not, used for main 
generators, but is used to a large extent for motors and for some 
auxiliary machines. 

(2) Shunt. — If the field coils be connected up to the^ brushes, 
as in Fig. 147, the dynamo is ‘shunt wound.’ Since in this case 
thTe main voltage of the machine is impressed upon the field, 
a great length of fine wire is used in the field coils. In each 
figure a field coil C is* given in section showing a large number 



Fig. 147. — Shunt winding. 


of turns of fine wire in the case of the shunt machine (Fig. 147) 
and a few turns of heavy wire in the series machine (Fig. ^46). 

In a shunt dynamo the greater part of the curr-fent from the 
aumature flows round the external circuit, a sraall quantity being 
shunted to the field magnets. When the external resistance is 
lowered, the current in the line increases, and therefore the 
voltage-drop due to the resistance of the armature increases 
so that the voltage at the brushes is diminished. For this 
reason the exciting current is al^b diminished and there i|i 
a still greater drop* of voltage as the load increases. Shunt 
dynamos are mostly used where the load is not subject to any 
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great and sudden variations. Voltage regulation is obtained by 
a rheostat in series with the field, the rheostat being adjusted 
by hand until the voltage reaches the desired value. 

(3) Compound. — Compound winding is a combination of 
these methods. The field magnets are wound with two wires — 
the* one, fine, is connected as a shunt ; the other, thick, is con- 
nected in series, and has sufficient turns to keep up the voltatge 
when the current rises to full load. The generator illustrated 
in Fig. 148 is compound wound. 

It is the object so to proportion the series and shunt 
coils that the voltage remains practically constant for all iQads. 

It is well to remember that the load, or power-output, 
measured in watts, is equal to the number of amperes multiplied 
])y the number of volts ; and that 1 k.w. = 1*34 H.P. 

It is a common practice nowadays to over-compound, Le. so 
to increase the series turns that the voltage increases slightly 
with the load ; this, is done to allow for the drop of pressure 
in the line and so to keep up the pressure at the point where the 
power is used, allowing slight fluctuations near the dynamo. 

The eelf- excited dynamo somewhat reminds us of the 
mythical ‘ first hen ’ which laid the egg from which it was itself 
hatched, for the current induced in the armature, before going to 
the external circuit, is made to circulate round the field magnets, 
‘ exciting ' them and so enabling them to induce the'eurrent in 
the armature itself. This paradox is easily explained. When 
the machine is at rest the iron cores of the field magnets retain 
a feeble trace of magnetism ; this induces a small current in the 
armature tot start with ; the sfhall current from the armature 
passes round the^ field magnets, strengthens their magnetifiu 
slightly, and consequently increases the current ; this increased 
current further increases the magnetism, and so on, until after 
the first fifty or hundred turns the current and the magnetism 
have worked up to their full power. 

Modern Generators. — ^in the modern D.C. dynamo the 
. b^ramme ring is entirely* replaced by the divm-wound armature. 
This winding is quicker and cheaper to build ; and a drum-wound 
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machine has the advantage of giving a greater output than a 
ring-wound machine of the same weight, owing tp the fact that 
it has no inactive wires inside the core of the armature. 

In the modern drum-wound machine the core consists of 
sheets of soft iron or steel which are pressed togetjjer and 
either keyed to the shaft or to a ‘spider^ which is keyed* to* 
thS shaft. These sheets, or laminations, are punched with slots 

round their outer rim, the 
slots having grooves for the 
wedges, by which the coils are 
held in position. 

B 


B 

Fig. 148. —D.C. generator. Fig. 149.— Armature. 

The coils are wound separately, and after being well insulated 
are firmly wedged into the slots. The commutator is also built 
separately on a drum ; the bars are insulated from one another 
and from tfie drum by mica and shellac. This drum having been 
previously pressed on to the shaft, the leads from the coils are 
soldered into grooves in the commutator-bars. 

The field magnets consist of pole pieces which surround the 
greater part of the armature and are mounted on i continuous 
yoke of iron or steel usually of circular form. fl"he exciting coils 
are generally placed on the pole pieces. 

J^gs. 148, 149 show a six -pole compound - wound D.C. 
generator, built by the British Westinghouse Company, and 
follow photographs kindly lent by the Company. The pole 
pieces are built of laminated steel, either cast into the yoke, 
or bolted to it. 

On each pole piece, it will be noticed, there are coils of two 
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different sizes. Tj^ie larger is the shunt coil and the smaller the 
series coil. These are wound separately on suitable moulds and, 
having been well insulated, are firmly secured to the pole 
pieces. 

The , brushes consist of blocks of carbon pressed against the 
commutator by phosphor-bronze springs, and are well shown in 
Fig. 148. Fig. 149 represents the armature separately. Here 
the bars B, B can be seen connecting the armature coils with 
the segments of the commutator. 

At the present time, dynamos and motors are seldom built 
with fewer than four poles, except in very small sizes. «' They 
are built up to about 80 k.w. with four poles. Above this 
six-pole machines are used ; and for larger outputs the number of 
poles is still further increased, even up to twenty poles. The 
modern D.C. generator is as a rule compound wound and is 
built up to an output of 2000 k.w. or more. 

Armature Winding, — Fig. 150 shows the winding of a small 
four-pole drum- wound dynamo or motor. The student is advisedc 
to follow the winding carefully, when it will be seen to be not so 
complicated as might appear at first sight. The proportion of 
pole pieces, slots, etc., may bo taken as fairly correct for a small 

machine. 

\ 

We have taken a simple case with 31 slots, 31 coils each 
consisting of one turn, and a commutator with 31 segments. A 
few slots, L, are drawn to show their construction, together with 
the wedges, W, for fixing the coils. 

The coils are all numbered, those with the same numbers being 
really the sime coil because they are connected at the back of the 
armature. In fact, each coil lies in two slots, one side of the coil 
being at the top and the other at the bottom of a slot. The span 
of the coil is just over one-fourth of the circumference, ie, it 
covers eight teeth. Considering any coil, say the coil numbered 1, 
we see that the leads from it are brought to two nearly opposite 
<segments of the commutator. Following the left-hand lead to 
the commutator, we see that another lea(^ is connected to the 
same segment from the beginning of coil No. 1 7. Following the 
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other lead from coil 1 7, in this way we arrive at coil 2 ; and 
proceeding in this way we find that the winding is continuous 
and enclosed on itself. 

Let the field be now excited so as to produce two 
North poles, N, N, and two South poles, S, S. The ^xcitwig^ 



Fig. 160 .— Winding of D C. generator or motor. 


coils, E, E, are represented in section by the small ^circles on 
either side of the pole pieces, while the direction of the current 
in the various coils is represented conventionally by a point 
(emblematic of an arrow-head) in the circle when the current is 
rising up from the paper, and a “cross (emblematic of the 
feathered end) when the current is sinking into the plane of the 
picture. 

Let the armature be driven in the direction of the curved 
arrow, and let a resistance be connected across the brushes B, B ; 
then, applying Fleming’s rule (p. 836), we see that the current 
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induced in the armature coils flows downwards opposite the 
North polos and upwards opposite the South poles. Certain coils 
shown in black have no useful cuiTent flowing in them, but are 
short-circuited by the brushes. These coils are said to be in the 
^‘neutral position.’ As a coil passes through the neutral position 
the curreftt in it has to reverse, and it would seem that the best 
position of the brushes is determined so that this reversal* of 
current takes place as the coil passes between two poles. We 
shall see later how nearly this is so. For the present we will 
assume the brushes to be placed so that they are nearly opposite 
the pole pieces Gr, H. 

The positive brushes, or those from which current flows, are 
seen to be opposite the North poles. If, keeping the polarity 
the same, we reverse the direction of rotation, the direction of 
the flow of current is obviously reversed. 

Similarly, if we keep the direction of rotation the same and 
reverse the polarity the current is reversed. 

Armature Reaction. — Taking the armature coils between A 
and G with the current flowing downwards in connection with 


ws, 




those between C and H 
with the current flowing 
upwards, we see that the 
combinatidii gives a North 
pole in the armature be- 
tween A and C with its 
centre at P. Similarly we 
get a North pole at R and 
South poles at Q and T. The 
armature in fact acts as a 
four-pole magnet, and in 
operating the dynamo we are 
always forcing a North pole 

-Winding of D.C. gener^or or motor. ^ “ 

North pole, thus doing work, 
this NoHh pole at P has the effect of weakening the 


backward or * trailing ’ tip A of the pole G and strengthening the 
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forward or ‘ leading ’ tip C of the pole H, and similarly for the 
other poles. In the present position of the biaishes this has 
little or no effect on the nett amount of magnetism produced 
in the field, but the resultant magnetism from the poles is shifted 
forwards, and the brushes must be shifted forwards tip bring 
them on to the neutral position. This is called giving the 
brushes a lead. 

* The effect of this shifting of the brushes is to bring the North 
pole at P nearer to G* than to H, so that the poles are on the 
whole weakened. Since the strength of the pole P varies with 
the lo£yd, we should theoretically have to alter the position of the 
brushes for every change of load. This actually had to be done 
with the old form of dynamo with copper brushes (see Commu- 
tation, p. 854) ; the use of carbon brushes in modern practice has 
in the main rendered this unnecessary. The brushes are moved 
forward as far as possible without sparking on no load ; the 
machine then runs without sparking at all loads. 

D.C. Motors. — We have so far described the dynamo as a 
machine which produces an electric current when driven by an 
engine. But it is a reversible machine ; supply it with a current, 
its armature will revolve, and the movement may be used to 
drive machinery. 

The dynamo is then spoken of as a Motor ; it may be noticed 
that the tertn was used on p. 836 without explanation in speak- 
ing of Faraday’s disc. 

So far as the coils and working iron go, the motor is in 
construction similar to the dynamo, but is sometimes of different 
mechanical design, as in the case of tramway motors,* where the 
yoke is extended so as to enclose the machine* completely and 
protect it from dirt and injury. 

Direct current motors are generally series or shunt wound, 
according to the particular work for which they are designed. 
Compound-wound motors are occasionally used for special work. 

Before discussing series and shunt motors, however, a few 
words should be said dn motors in general. 

So far as the winding gbes. Fig. 150 may be taken to represent 
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a motor equally as well as a dynamo. In studying the working 
of a motor we© wifi use a simpler diagram (Fig. 151). 

Consider a motor as above, the field being excited separately 
from some supply which will give a constant voltage ; we have 
then a £eld of constant strength and the armature at rest within it. 

Suppose a voltage denoted by E be now supplied to the 
armature, it will begin to move and will run up to a speed at 
which e (the voltage induced in it by the field), together with 



the voltage drop due to the resistance of the armature, balances 
the voltage of supply ; or, in other words, 

E = e + ir*, (a) 

wh<K*e r - resistance of armature, i = cun'ent flowing in the 
armature.* Neglecting ?•, as in general the voltage drop due to it 
is a small fraction of E, we have E = e. 

Now by the Law of Induction of E.M.F. (p. 835) the induced 
or counter E.M.F., varies as the product of strength of field and 
speed. 

Hence E «= revs, per min. x strength of field. Therefore, 
keeping the strength of Afield constant, the speed varies as the 
supplied voltage ; or, keeping the suppli^ voltage constant, the 
speed varies inversely as the strength of the field. 
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If the field were gradually reduced to zero the motor would 
run away and would probably end by flying t8 pieces. 

A wire carrying a current exerts a force on a magnetic pole 
(pp. 748, 776) j conversely, a magnetic pole exerts a force on a 
wire carrjdng a current. 

Now it is known that the force exerted on a con- 
ductor, stationary or moving in a magnetic field, varies as the 
product of the current in the conductor and the intensity of 
the field. 

Hence the twisting force or ‘ torque ’ of a motor varies as the 
produeji of the strength of the field and the total current. 

A Shunt Motor answers to the conditions just described ; 
the field is directly excited off the mains and may be taken to 
be of constant strength. Therefore a shunt motor when supplied 
with a constant voltage will run at a practically constant speed 
for different loads. The equation a (p. 850) shows that the 
effect of the resistance of the armature is to diminish the counter 
^.M.F. when the load increases and so to diminish the speed. 

The reaction of the armature on the field, however, as in the 
dynamo, weakens the field, and so raises the speed, as we shall 
see shortly. These two effects balance to a great extent, and in 
a shunt motor, designed for constant speed, no difference in speed 
can be detected at different loads. 

Hence ^unt motors are used in all cases where a constant 
speed at different loads is desired. The speed may be readily 
altered by having a rheostat in series with the field and so 
altering the strength of the field. 

Referring to Fig. 151 we see, by Fleming’s rate, that if 
the motor revolve in a clockwise direction the*current opposite 
the North poles N, N must flow upwards and opposite the South 
poles S, S downwards. It should be noticed that the brushes 
opposite the North poles are still positive, since the positive brush 
of a motor is the brush into w^hich current is flowing. As 
before, the armature acts as a magifet; only in this case the 
poles of opposite polailty in armature and field are approaching 
one another. In fact, the motion of the motor may be considered 
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as due to this. We have two pairs of North and South poles 
fixed, and, by jsonveying current to the armature through the 
brushes, we create two other pairs of poles which are always 
attracted towards the first two pairs. As in the case of the 
dynamo^ these poles of the armature react upon the field ; only 
'in this case they strengthen the trailing tip A and weaken the 
leading tip C of the pole pieces, so that for the brushes B, B to 
be on the neutral they have to be given a backward lead. In 
this position the armature has the effe(?fc of demagnetising the 



field to a certain extent. The effect of these reactions is shown 
by the distortion of the lines of force (Fig. 151). A similar 
diagram (152) is given for a dynamo. 

In the motor, as above, if we reverse the current in the 
field or the armature, the armature will run in the reverse 
direction ; but if we reverse both it will run in the same direction. 
Hence to ceverse a motor, whether series or shunt, we must 
reverse the field j^elative to the armature. 

A Series Motor cannot be considered in quite the same way, 
for the strength of the field changes with every change of load. 
Consider a series motor to the armature of which a brake is 
applied, adjusted so that the motor when it is running will exert 
against it a torque, T. If tn E.M.F., % is supplied to the motor, 
it will run up to such a speed that the counter E.M.F., e, induced 
in the armature by the field, together with the voltage-drop due 
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to the resistance, of the armature, and Rf of the field, balance 
the impressed E.M.F., E. 

*1 hat is, E = (/?) 

where i is the current flowing in the. field and armature. 

Again, T oc ^ x strength of field. Now the strength of •thck 
field up to a certain point varies directly as and if this is 
the case T oc 

Also e, the counter E.M.E., varies as the product of the 
strength of the field and the speed. 

That is, e cc i X speed. 

Hence, i x speed cc E-(R„ + R>. 

At small loads we can neglect (Ea + E/)i compared with E, 
so that, when E is constant, i varies inversely as the speed. For 
all loads the torque continually diminishes as the speed increases, 
and the torque is a maximum at starting. 

These features of the series motor make it specially adapted 
for traction work, crane work, and for all work where a big 
torque at starting and a variable speed arc required. 

Compound wound motors are used if a large starting torque 
combined with a fairly constant speed is required. 

Neither in the case of shunt nor series motors would it be 
safe to svwtch on the full voltage at once. So in starting a 
shunt motor the field current is first switched on and the armature 
is switched on with a resistance in series with it. This resistance 
is gradually reduced so as to raise the voltage supplied Jo the 
armature and is finally short-circuited. 

In the case of the series motor, a resistance is connected in 
series with the motor at starting and gradually reduced, so as to 
raise the E.M.F. to full voltage. 

Commutation. — The problem of commutation is a somewhat 
complicated one, but its main points may be briefly considered. 

As a coil of a machine passes a brush it is short-circuited for 
a brief interval of tfme ; during this time the current in the 
coil has to die down to zero and then begin again in a reverse 
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direction. Owing to the self-induction of the coil, the change 
of this current has^the efi^ct of generating an E.M.F. of a few 
volts in the coil, which E.M.F., by Lenz’s Law, opposes the change 
of current in the coil. Were this E.M.F. not neutralised the 
current would perhaps not reverse in time, but would flow 
across tffe commutator to the brush in the form of sparks, 
burning away the brushes and damaging the commutiitor. 
When possible, this E.M.F. is neutralised by shifting the brushes 
forward in a dynamo and backward in a,, motor, so as to bring 
the short-circuited coil into a field which opposes the E.M.F. 
and helps the current to reverse. This means a still further 
increase in the ‘Icad,^ which has been referred to above 
(Armature Eeaction, p. 848), and still further demagnetisation 
of the field. In some motors, such as tramway motors, this 
lead cannot be given, since the motor has to l)e reversed, and 
in such a case careful design and the use of special brushes is all 
that can bo relied on to mitigate the sparking. 

With very high speed machines, such as turbo-generators and 
motors for high-speed pumps, or for great variation in speed, it 
is necessary to provide auxiliary poles. These poles lie between 
the main poles, and have a winding which provides the necessary 
commutating E.M.F. 

For good commutation, it is necessary that the self-induction 
of the short-circuited coil should be small compared with its 
resistance, for which reason carbon brushes are now always 
used instead of copper brushes, with the object of inserting a 
resistance in the path of short-circuit. 

Alternati^rs. — Going back to the Gramme ring (Figs. 145, 
1 46), supi^ose w^e replace the segmented commutator C, against 
which the brushes BB i)ress, by a pair of collector rings connected 
to the ends of two particular coils at opposite ends of a diameter 
of the Gramme ring. Each brush, then, instead of receiving 
its current always from the highest, or always from the 
lowest point of the ring, receives it from a point which is con- 
tinually changing in position ; hence, at 4jne instant during a 
revolution it is receiving and passing on the external circuit a 
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positive* current, half a tui*n later it receives a negative current, 
while at the quarter and three-quarter turn it deceives no current 
at all. Thus we have an alternating current giving one complete 

wave — backward 
and forward — for 
each revolution * of • 
the armature. 



^ Figs. 153, 154 represent a four-wire, two-phase stationary 
field alternator and its armature. 

The collector consists of four rings of brass, well in- 
sulated from one another, and separated l>y projecting rings 
of insulating material. The collector rings ai*e seen in 
Fig. 154, and the brushes taking the current from them in Fig. 
153. 

As we have seen on p. 774, it is an economy to use a 
high voltage when transmitting power to a great distance. 
For this reason, alternators or machines generating an alter- 
nating current are largely used in big power schemas, it being 
possible to transform the voltage up and doyn by means of 
static transformers. A further reason for their use is that 
alternators and A.C. motors are simpler and more capable of 
standing overloads than D.O. machines, since the commutators 
and commutation troubles arc done away with. 

At the present time (1907) altefnators are nearly always 
built with a revolving field and a stationary armature, the 
current being conveye^ to the field by brushes and collector 
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rings. If the machine were built with a revolving armature, 
the collector would become complicated, especially in 

high-tension-work; and the armature being exposed to centri- 
fugal stress, the insulation would be liable to break down. 

Fig, 155 represents a three-phase revolving field alternator; 
■ thfe collector and brushes are seen to be of simple construction. 



Fig. 155.— Revolving field alternator. 


The field-c^ils are held by the pole-tips, which are keyed to the 
2 )oles. The thr^-phase leads are brought to a terminal box seen 
at the bottom of the picture. 

The efficiency of a motor or dynamo is best determined 
by measuring the various losses in the machine. The losses 
are due to (1) Resistance in field, armature, and brushes ; (2) 
Hysteresis in the iron ; f3) Eddy currents ; (4) Friction and 
windage. 

The first of these is determined by ipeasuring the resistance 
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of the armature and field, and the three last of them by running 
the machine light. Wo have then 

mckncy = ^^^ = - 

injmt output + losses 

Polyphase Working. — Now, referring back to (Jlir rudW 
luentary dynamo, the magneto-machine shown in Fig. 139, 
suppose that a second pair of coils, C' and D' (not shown in 
the figure), be mounted on the spindle by^ means of a bar at 
right angles to that which carries C and I) ; and these coils be 
connected up to a second pair of collecting rings A'B' upon the 
spindle, there will evidently be produced in the new coils, and 



transmitted to the new collectors, an alternating current 
identical with that produced in CD, except that when the CD 
current is ♦greatest, the C'D' current is least, and vice versL If 
the CD current be represented by the wave pqrs (Fig. 1 5G), the 
C'D'nCurrent is represented by the wave pqr's^ which is the same 
wave shifted -forward a quarter of a wave length ; that ^s, the 
two waves are identical in form, but differ in phase by a quarter 
period. This is described as ‘ 90° ^ difference pf phase, for each 
wave is constructed by means of a complete revolution of a 
vector. The wave pqrs has, at each point, an ordinate {Le. a 
perpendicular height) equal to that of the corresponding position 
of the vector OA, rotating clockwise, while the wave fqr^s has 
those of the rotating vector OB f which follows 90° behinc^ 
OA). Obviously, witft two pairs of coils supplying current, twice 
as much work as before has to be done in turning the handle. 
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In the same way, if we have three pairs of coils, CD, C'D', 
C"D" (Fig. 157)^ c^fcried by three bars mounted on the spindle 
and making 120° with each other, we shall 
obtain from the three pairs of collectors, 
three current waves identical in form, but 
differing in phase by one-third of a period, 
or 120° (Fig. 158). To produce these 
three currents a triple amount of work 
must be done in drwing the machine. 

Reverting to the Gramme machine, if 
we have two pairs of field-magnet coils 
with poles (arranged as in Fig. 159), there 
will be two complete waves (four reversals) of the alternating 
current for each revolution of the armature. 



Fig. 1. '>7.— Arrangement of 
three pairs of coils. 



It is now possible by concentrating the coils (suitably con- 
nected up) into groups, as 
shown opposite to N, S, N, S 
in Fig. 159, to leave spa^ on 
the armature core at H, K, 
li, M, upon which a second 
set of coils may be wound; 
these, connected up to an- 
other pair of collectors, give 
another alternating current 
differing in phase by a quarter 
period. 

Thisvis known as a two- 
phase dynamo, and similarly, 


s 



s 


Pig. 169.— Gramme machine with two pairs of 
hold magnets. 
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by using three sets of coils, we have a three-phase dynamo ; 
nearly all polyphase dynamos are two- or thrSe-^Jiase. 

There is great variety in the construction of alternators, 
according to the purpose for which they are designed, whether 
for high or slow speed or for high or low frequency. Frequencies 
in common use are from 25 to 50 cycles per second. 

We may notice that the economy in the use of polyphase 
currents arises from a saving of copper and a reduction in the 
loss of energy in the ihains, and from economy in the dynamo 
itself. 

Thus, if we have three groups of 100 incandescent lamps, 
each group using one of the three currents of Fig. 158, differing 
in phase by 120", we may use a common return wire — and this 
wire will actually have to carry no current if all the lamps be 
in. use, for these three waves neutralise each other, whereas, if 
the three currents were all in the same phase, .the return wire 
must be capable of carrying three times as much current. If 
, two groups be in use and the third cut off, the current from these 
two waves combined (owing to their difference of phase) is 
eciuivalont to that of one group only ; so that a return wire 
fit for one group is all that need be supplied. 

A three-phase dynamo or motor will give about 50 per cent 
more output than a single-phase machine of the same size and 
speed. 

Polyphase Motors. — The polyphase induction motor* is a 
machine of great practical utility. As an illustration wo give a 
short and simple description of a two-phase motor, Le, a«motor 
driven by a ’pair of alternating currents. These cuA*ents, being 
derived from a single dynamo, are represented 4)y waves identical 
in form, but differing in phase by a quarter period (90°). Four 
wires are required for supplying the currents, viz. a lead and a 
return wire for each current. 

^The stationary part or ‘ stator ’ consists of a ring built of thin 
iron plates, .with teeth projecting oif their inner circumferenceii 
The coils lie in the sldfs thus formed, and are connected in groups. 
We will consider a two-pole motor, i.e. one with two groups per 
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phase. For the sake of clearness, four pole pieces (A, B, C, D, 
Fig. 160) are s^foW!i. Round A and C are wound coils connected 
in series to the first phase leads, and round B and D are coils 
connected in series to the second phase leads ; only two turns 
are shown in each coil. At the instant when the first phase 
Tjurrent is at its maximum, and flowing as represented by the 
arrows, the lower face of A is a N. pole, and the upper face of C a 
S. pole ; at this instant the second phase current is nil. The lines 
of magnetic induction, or flux, are therefor^ arranged as in Fig. 1 60. 



Fig. 160. — Two‘pliaae induction motor (armature removed). 


Fig. 161, I represents the same facts as Fig. 160; in it the 
general direction of magnetic flux is shown by the big arrow- 
head : the coils a»re represented, in section, as before, p. 847. 
The plain circles indicate coils in which no current is flowing. 

At one quarter of a period later the first current has dropped 
to nil, while the second has risen to a maximum; and the 
magnetic flux is as in Fig. 161, II. 

. At the half pefiod the first current has risen to a maximum 
in the reversed direction, the second currefW) is nil, and the flux 
as in Fig. 161, HI. 
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At three-quarters of a period from the start the first current 
is nil, the second is at a maximum in the revefted direction, and 
the flux as in Fig. 161, IV. 



Fig. 161.— Rotating magnotic field. 


And after a full wave or complete period we revert to the 
condition of Fig. 161, 1. 

Consideration of these figures shows that the effect of the 
two-phase alternating currents upon the stator coils is to pro- 
duce a magnetic field of practically constant strength, whose 
direction is continually rotating, in lieu of a stationary field such 
«is we have, e.<7. in the Gramme machine of Figs. 144, 145. 

Now place within the field an armature consisting of an iron 
ring, on which are wound several coils, each short-circuited, and 
imagine the armature clamped 
firmly in any position; the 
field due to the stator coils 
is immediately distorted, so 
that practically all the lines 
of force run through the iron 
of the armature as in Fig. 

162. Then, as the field rotates, 
the points at which the lines 
of force enter and leave the 
armature ring also rotate simul- 
taneously ; hence lines of force 
are continually being threaded f'ig. i62.— Direction of flux in two-phase 

/. t t iiiduction mo,tor (armature in). 

in and out of the short- 

circuited armature citils, and in consequence, powerful currents 
are induced in the coils. 
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Lenz’s Law (p. 763) “that the direction of an induced current 
is such as to resist the movement which produces it ” has as a 
corollary tkit the force exerted in a field is such as to cause 
movement which will reduce induced currents. 

Hence the armature is acted upon by forces tending to move it 
Nn such a way as to reduce the induced currents; hence, if the 
axle of the armature be undamped, it will begin to move in such a 
way that the coils may no longer cut through any lines of force, 
and this occurs if the armature rotates in the same direction as the 
magnetic field and keeps pace with it exactly. Therefore, if the 
motor be ‘running light,’ with no load whatever (and no friction 
in the bearings or elsewhere), it will spin at exactly the same 
pace as the magnetic field — it will make 100 revolutions per 
second if the exciting currents alternate 100 times (200 reversals) 
per second. In this condition no currents are induced in the 
coils. 

Now give the motor work to do ; the load coming upon it will 
check the speed of the armature, or ‘ rotor,’ as it will hereafter bei 
called, so that it will revolve more slowly than the rotating field ; 
lines of force will again be cut by the wires pf the short-circuited 
coils, and currents will again be induced in them (though, unless 
the load be so heavy as to pull up the motor to a dead-stop, 
these currents will not be so intense as when the axle was 
clamped). As described above, forces act on the ‘rotor’ (in 
accordance with Lenz’s Law) tending to reduce the production of 
currents by avoiding the cutting of lines of force. The forces 
causer a torque on the axle, urging it round in the direction 
of the rotifting magnetic field, until a speed is reached when 
the number of Itnes mt by the rotor coils, and the currents 
induced in them, are such that this torque exactly balances the 
load. In practice the speed of the rotor at full load is 5 or 6 
per cent lower than that of the field. 

This percentage of slip is proportional to the resistance of 
tthe rotor. Since a rotor of high resistance means a considerable 
loss of power, and a reduction in efficiency, it is desirable to 
keep the slip-percentage low. 
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The starting torque of the motor is, however, proportional 
to the resistance of the rotor, so that if we \fant a big torque 
at stiirting the rotor should have a comparatively high re- 
sistance. 

In practice, a compromise has to be made between these two 
demands, and with a slip at normal load of about 5 or 6 per cent ’ 
on moderate-sized motors we can get at starting about twice full 
load torque with full voltage. 

Induction motors oT small size, say up to 5 H.P., are 
generally switched straight on to the line at starting. For 
motors* of large size this would mean drawing a very heavy 
current from the line at the time of starting, and so a trans- 
former is used to reduce the voltage. 

For very big motors, or when it is not desirable to 
draw a very heavy current from the line, or for motors used 
for haulage work, etc., the rotor is wound with a three- 
phase winding, and by means of collector rings and brushes a 
resistance is mserted at starting. This resistance is divided 
into steps, which are cut out or short-circuited as the motor runs 
up to full speed. 

Figs. 163, 164 represent respectively the stator and rotor of a 
10-H.P., three-phase (type C.B.) motor. 

In the stator the coils seen 
are machine wound, and con- 
sist of several turns of wire, 
the number depending on the 
voltage speed and freqiiency. 


Fig. 168. -stator, 




Type C.B. Induction Motor. 

3 K 


Fig. 164.— Rotor. 
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They are separately insulated, wedged into slots in the laminated 
iron, and connected up to form poles. Ip the machine illus- 
trated there are eight poles instead of the two described above. 

The rotor winding consists of copper bars, well insulated, 
slipped into the slots in the core, and then bolted to the short- 
circuiting rings. The core is built up of sheets of soft iron or 
steel which are pressed together. These sheets or laminations 
are punched with slots round their outer rim. 

Figs. 163, 164, as well as Figs. 133, 154, 155 above, are 
engraved from photographs kindly lent by the British Westing- 
house Electric and Manufacturing Company. 

The Single Phase Series Motor. — We have seen above that 
if we reverse the current in both field and armature of a series 
motor, the rotor will run in the same direction. Suppose then 
we supply an alternating E.M.F. to the terminals of a series 
motor, since the current in the armature and field are always 
reversed together, the torque will be always in the same direc- 
tion, and on this principle it has been found possible to build 
satisfactory motors. 

To reverse the motor it is necessary to reverse the field rela- 
tive to the armature. 

The advantage of the single phase series motor for railway 
ivork is that, as an alternating current is used, static transformers 
can be employed in the sub-stations, thus doing'' away with 
revolving machinery which requires attention. 

For such a system the current is fed to an overhead wire at 
a voUage of from 3000 to 15,000 volts, according to the length of 
the line, afid having been collected at this voltage is transformed 
down by means ^f static transformers on the cars to a working 
voltage of, say, 250. The rails are used as the return circuit. 
Current of a comparatively low frequency, say 25 cycles per 
second, must be used for the single phase series motor. 

Rotary converters are machines for converting alternating lo 
direct currents, and are mVich used in big power schemes. In its 
normal form, the rotary converter is practically the. same as a shunt 
or compound wound D.C. generator, but in addition to the com- 
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mutator we have a collector on the other end of the shaft, which is 
connected up to the armature as in an alternate* with a stationary 
field. The alternating current is fed through the collector rings 
and the direct current is collected from the commutator. 

In the London Underground Electric Eailways, th^ three- 
phase current from the turbo-generators in the power-house at 
Chelsea is fed at 11,000 volts to various sub-stations along the 
line. It is there transformed down by static transformers and 
converted to a 600 volf direct current by 1500 k.w., 1200 k.w., 
and 800 k.w. rotaries and fed at this voltage to the rails. 
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Advantage, mechanical, 80 
Air, drying power of the, 346 
elasticity of, 139 ; Sound, 457 
electric strain in, 696 
humidity of the, 346 
liquid, 276, 326, 342, 406 
potential of the, 710 
pressure of vapour in the, 347 


Air, refraction in, 531 
resistance of, 151 
vapour in the, 345, 347, 355 
-block in water mains, 193 
-chamber, force pump, 233 
-pressure, power, 169 
-pump, double-barrelled, 177 
,, siinide, 1/5 
,, Smeaton’s, 176 

,, Spreiigcl’s, 179 

,, Tate's, 178 
,, Topler-Hagen, 180 
-thermometer, 266 

ditierential, 270, 402, 
409 

-valve, 193 

Aitkeu on fogs, 343, 815 
Alcohol ometer, 208 
Alternating current, 772 
Alternators, 854 
Altitude of sun, rainbow, 553 
vapour depends on, 356 
Amagat, St. Etienne experiments, 157 
Anialgamatiug zinc, 732 
Amber attracts, 657 
American organ and' haltnonium, 485 
Ammeter, 784 

Amount of heat,®119, 260, 300 
Ampere, 776, 778 
Ampere’s rule, 720 
stand, 757 
Amplitude, 425 
and loudness, 466 
of vibration, 445 

Analogy, level and potential, 708 
level and temperature, 260, 301 
Andrewes’ critical temperature 326 
Aneroid barometer^ 221 
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Angle, critical, 533 
of. friction, 71 
of prism, 539 

Anions, electroncgitive, 741 
Anode, 734, 811 

Anomalous behaviour of water, 283 
dispersion, 601 
Anticyclonic system, 224 
t Ap^rturcf, narrow, 590 

wave passing through, 449 
Aplauatic system, 560 
Arago, undulatory theory, 506 
Arc, electric, 802 
lamp, 804 

Archimedes’ principle, 198-213 

„ ' discovered, 198, 203 

„ applied to gases, 210 

,, „ liquids, 200 

Area, scale of, 101 
Armature, dynamo, 842, 845, 855 
magnet, 637 
motor, 850 
reaction, 848 
'winding, 846 
Artesian wells, 194' 

Artificial magnets, 623 
Astigmatism, 570 
Astronomical refraction, 532 
telescope, 575 
Atlantic cables, 818, 824 
Atmolysis, 146 
Atmometer, 128 
Atmosphere, 214-226 
Galileo, 149 
. standard pres.sure, 158 
vapour screen, 394 
Atmospheric electricity, 706-711 
pressure exhibited, 180 
„ utilised, 227-237 

,, variations in, 223 

Atomic weight, 739, 816 
Atoms wid molecules, 117 
Attraction, cash’s, varies, 47 
and repulsion, forces, 62 

,, ofeuA’ents, 757 

„ electric, 661, 664, 

700 

„ magnetic, 626 

„ through bodies, 628 

Atwood’s machine, 57 
Australian climate, 363 
Available evaporative power, 37 
^xis of lens, 555 

of mirror, principal, 545 
of rotation, permanence, 77 


Axis, optic, crystal, 610 
Axle, wheel and, 83 

B.A. Unit of resistance, 777 
‘Back E.M. F.,’ polarisation, 725 
Bacon, Heat and Motion, 118, 366 
Balance, chemical, 66 
wheel, compensated, 298 
hydrostatic, 199, 203, 207 

,, s.g. of liquids, 207. 

„ „ of solids, 204 

Joly’s, 205 
shop, 66 

Balancing resistance, 793 
Ball bearings, 94 
valve, 234 
Balloons, 211 
Ballot, Buys-, storms, 226 
Balls, Wilson’s .s.g. bulbs or, 209 
Bar and gauge. Expansion, 289 
Flinders, 649 
magnet, 625-637, 651 
Barker, Cap t Wilson-, clouds, 357-359 
Barker’s mill, 246 
Barometer, aneroid, 221 
Fortin, 217 
Gay-Lussac, 215 
glycerine, 223 
Kew, 219 
marnie, 218 

mercurial, construction, 214, 223 
reading, 222 
standard, 217 
Baroscope, 210 
Barren’s fall apparatus, 46 
Barry’s sensitive llame, 499 
Battery, Dc la Hive’s flowing, 751 
electric, 726 
of Leyden jars, 697 
secondary, 742-746 
Bell, diving, 236 
electric, 754 

in exhausted receiver, 456 
‘ Bell ’ Telephone, 827 
Belleville boiler, 373 
Benzine as cleanser, 127 
Biaxal crystal, 616 
Bichromate cell, 728 
Binnacle, 643 
Binocular vision, 565 
Biprism, Fresnel, 587 
Black, ice-block, 311 
Blind spot,«564 

Board of Tride electrical unit, 778 
Boiler, Belleville, 378 
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Boiler, low, or throiigli-tube, 372 
Boiling, 330 

point and pressure, 331-334, 342 
with humping, 343 
Bolometer, l^aiigley, 395 
Bottle, s.g., 206, 208 
Bourdon’s pressure-gauge, 156 
Bow, primary and secondary, 552 
spurious, Pernter, 553 
Boyle, air- thermometer, 266 
Newton’s rings, 583 
Boyle’s law, tube, 171-175 
deviations from, 175, 327 
Boys, Professor Vernon, droits, 362 
quartz fibres, 144, 782 
waves and ri})ples, 446 
Brumal^. press, 166 
Branch iiijie, 241 
Brass instruments, 488 
Brhlge, Wheatstone, 791 
Brine, ebullition of, 334 
egg on, 212 
freezing, 313 
British pound, 31, 104 
thermal unit, 301 
yard, 6 

British Westiughouse Co., 775, 845, 
. 855, 863 

Brittle and hard, 138 
Broclde Pell lamj), 804 
Brushes, 839 
carbon, 846, 849, 854 
Bunsen burner, 409-415 
cell, 731 
photometer, 517 
Buoyancy, emitre of, 200 
Burton, Spamsh, 90 
Buys-Ballot, storms, 226 

e.G.S, system, 32, 100 
electrical units, 776-778 
magnetic units, 650 
thermal unit, caloric, 301 
Cable, Atlantic, 818, 823 
Cagniard de la Tour’s siren, 468 
Caissons, Forth Bridge, 236 
Callendar’s thermometers, 299, 794 
Calorie, C.G.S. unit, 301 * 

Calorimeter, Black’s ice, 311 
Favre and Silbermann, 307 
latent heat, 312, 336 
Lavoisier and Laplace, 312 
steam, 307 
Calorimetry, 300-308 
Camera obscura, 678 


Camera, i)hotographie, 572 
pinhole, 572 

Campbell’s similiine recorder, 390 
Canada balsam, 61f 
Candle, standard, 516 
Capacity, 102 
for lieat, 302 

standard, unit of, electrical, 777 
Capillarity, 127 * * 

barometer reading, 222 
Carbon brnsbes, 846, 849, 854 
* crater in, 803 
filament, 796 
filter, 133 
fluted, 803 
for cells, 731 
for telephone?, 828, 830 
Cardew’s voltmeter, 785 
(Cartesian divers, 200 
Cassegrain telt?seope, 581 
Cathode, 734, 739 
rays, 809, 813, 815 
Caustic, 546 
Cell, 716-725 
biolironiate, 728 
Bunsen, 731 
Daniell, 728 
E.P.S., 744 

Faurc, Plante, secondary, 743 
Grove, 730 
Leclunche, 731 
polarisation, 724, 742 

,, ‘buckE.M.F.,’ 725 

,, prevented, 728-731 

storage, 745 
voltaic, 716 

Cells, parallel and series, 727 
(Celsius, Centigrade scale, 268 
Centre of buoyancy, 200 
gravity, 67 
lens, optical, 556 
niirror, 545 
pressure, 198 
Centrifugal force, 26 
pump, 250, 254 

Changes of state, Heat, 122, 309-329 
of variation and dip, 640 
of volume near melting point, 315, 
318 

Charles’s law, 265 
Chemical action of current, 784 
balance, 66 
effects, Electricity, 697 
„ Heat, 261 
Chemically equivalent, 740 
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Chemistry and Physics, 117 
Chladni, velocity of sound, 484 
vibration of plates, 479 
Chromatic aberration, 561 
Circle, dip. 640 
motion in, 18, 26 
mural, 520 

Circuit, fixed and movable, 760 
closed find open, 718 
primary and secondary, 762-775 
short, 754 
telegraph, 821 
Circular waves, 439 
Oimis, 357, 361 
Cistern, flushing, 229 
Clack valve, 234 

Clamond, thermopile battery, 801 
Clarinet, 488 

Clarke, magneto machine, 836 
Clausius, Thermodynamics, 370 
Clayton, Blue Hill, stratus, 360 
Clerk Maxwell, colour discs, 607 
electromagnetism, 759 
molecules, 117 
viscosity of gases, 131 
Clinical thermometer, 282 
Clouds, 356-361 
acoustic, Tyndall, 461 
adiabatic formation, 326, 357 
drops, 361 
thunder, 359, 707 
waves, Helmholtz, 360 
Coal, combustion of, 376 
Cobalt, magnetic, 627 
Coc^dington’s lens, 574 
Coefficient of compressibility, 136 
conductivity, heat, 411 

,, electricity, 794 
expansion, cubical, 292 
,, gases, 270 

,, linear, 292, 294 

, 11 ^ superficial, 293 

friction, mo^ug, 91 
,, statical, 72 
refraction, 530 
rigidity, 138 
viscosity, 131 
Coherer, 881 
Cohesion, 136 

and strength, structure, 137 
Coil, induction, Ruhinkorlf, 769 
primary, secondary, 762-775 
•' standard resistance, 777 
Coin in tea-cup, 528 
OoUadon, Sturm, velocity of sound, 458 


Collector and commutate#, 839, 854 
Colloids and crystalloids, 145 
Colour, complementary, 605-608 
in natural objects, 604 
interference, 590 
pigments not true, 606 
prismatic, 542, 552, 594-603 
radiation independent of, 400 
thin plates, 582 
and wave length, 592 
Combustion of coal, 366, 376 
souroe of heat, 366 
waste of heat, 377 
Common Yump, 231 
steelyard, 67 

surface of liquid horizontal, 189 
Communicating tubes, 191 
Commutatiom, 853 
Commutator and collector, 839, 854 
segments, 841 

Comparative diagonals, 98-110 
Comparisons, practical, 110 
Compass, bowl, 648 
deviation, 643 
error, 643 
, , corrected, 648 
mariner’s, points of, 642 
needle, Oersted t, 719 
Thomson standard, 646 , 
variation, 638 * 

Compensated balance wlieel, 298 
pendulum, 296 

Complementary colours, 605-608 

„ mixture of, 607 * 

Composition of two 428 

Comimund engines, 383 
microscope, 575 
])enduluin, 429 
wave forms, 430, 495 
wound dynamo, 844, 845 
Compressibility, 134 
coefficient of, 136 
Compressible fluid, 134, 170 
Compressing air-pump, 236 
Compression, waves of, 435, 462 
Compressive stress, 62, 136 
Concave lenses, 554 

,, • images, 557 
mirror, 545 
,, images, 547 

Condensation and evaporation, 319^-364 
Condenser, 379, 384 
electrical* 770 
Normandjfs, 335 
Conduction, 408-416 
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Conduction, electrical, 794 
in fluids, 409 

and specific heat, Tyndall, 412 
Conductivity, thermal, 408-415 
electric, specific, 794 
Fourier and Depretz, 413 
water, 409 

Conductors, 661, 678 
lightning, 709 
potential of, 703 
Conical pendulum, 75, 424 
Conjugate foci, 548, 556 
Conservation of energy, 41, ^4 
Conservative system, 43 
Continuous s])cctrum, 597 
Convection currents, 271, 287 
Convergent i)encil, 511 
Converter, rotary, 864 
Cookoi telegraph, 818 
Cooking on mountains, 333 
Cooling, 275, 313, 338, 405 
rate of, Newton, 406 
Copper, in cell, 716, 729 
refinement of, 737 
sulphate, decomposition, 736 
Corpuscles, 813 

Corpuscular theory, Newton, 506 
•Correction of compass error, 648 
of dispersion, 543, 561 
Corti’s fibres, 495 
Coulomb, electrical unit, 777 
law of inverse squares, 650, 700 
Couple, 63 

directive, 625, 644, 720 
Coxwell and Glaisher, 212 
Crater in car]^ns, 803 
Critical angle, 533 
temperature, Andrewes, 326 
„ magnetic, 631, 632 

Crookes’ radiometer, 118 
radiant matter, 808, 813 
rays, cathode, 813 
Cryophorus, 341 
Crystal, biaxal, uuiaxal, 616 
double refracting, 611 
Crystalloids and colloids, 145 
Cubes, Leslie and Melloni, 398 
Cubical coeflicieiit of expansiou, 
292 

Cumulus, adiabatic formation, 357 
Cup leather, 167, 168, 233 
Curie, radium, 812 
Curling, 26 

Current, alternating, 867, 858 
amount of heat, 797 


Current, attraction and repulsion, 
756 

chemical acffou,^34 
direct, inverse, 762, 763 
eddy, Foucault, 767, 775 
extra, 771 
floating needle, 749 
flowing round a rectangle, ^22 
heating effect, 795 
induced, and lines of force, 766 
lines of force due to, 747 
movable and fixed, 760 
needle deflected by, 720-723 
primary and secondary, 762-770 
standaid, unit, 776 
Current sailing, 15 
Currents, convection, 271, 287 
Curve (see Diagram) 
compound pendulum, 429 
of sines, S.H.C., 427 
tuning-fork and pendulum, 465 
Cyclonic system, 225 

Dalton, dew, 356 
expansion of gas, 265 
experiments, 321 
laws of vapours, 329, 347 
Dauiell cell, 728 
hygrometer, 350 
Danish steelyard, 67 
Dark lines in spectrum, 396, 598-603 
Davy lamp, 415 

Declination, called variation, 638 
Decomposition of water, 698, 734 
De Doniiuis, rainbow, 550 
Deep trough, 173 
Defects of vision, 568 
Deflector, 649 

Dc la Hive’s floating battery, 761 
Densitj^ 108, 119, 144, 184, 213 
maximum, of water, 102, 283 
relative, 184, 192, 213 
specific, 184 

Depth, pressure depends on, 161, 
187 • 

Dc Saiissure’s hygroscope, 354 
Descartes, rainbow, 650 
Deviation, compass, 643 
from Boyle’s Law, 175, 327 
ininiinum, total, 540, 550 
rotated mirror, 525 
De#, 319, 356 
•point, 348, 353 

Dewar, liquid air, 275, 342, 406 
Diagonals, comparative, 96-110 



872 


INDEX, 


Diagram, behaviour of water, 102, 284, 
“ 316 

dew-point and lii^iidity, 353 
indicator, 383 
specific heat of water, 306 
W'ater-vapour pressure, 323 

,, latent and total heat, 
t • 339 

lliamagnetic, 628 
Diathermancy, fluids, 392 
solids, 391, 397, 609 
vapour, 393 

Different liquids in U-tube, 192 
Differential air thermometer, 270, 402, 
409 

pulley, wheel, and axle, 85 
system, telegrai>h, 826 
Diffraction, 588 
fringes, 589 
grating, 590, 592, 598 
short wave-length, 450, 588 
Diffusion, 144 
Graham, Kelvin, 145 
Digester, Papin’s, 334 
Dines, dew, 356 
hygrometer, 351 
Dip, changes of, 640 
Dipping needle, 639 
Direct current generator, 845 
,, motor, 849 
Directive coujde, 625, 644, 720 
Disc, Clerk Maxwell’s, 607 
electrophorns, 670 
Faraday’s, 833-836 
Newton’s, 606 

Discharge, needle magnetised, 699 
rarefied gas, 806 
secondary cell, 743 
silent, 676, 710 
Discharger, 689 
Disconh 491 
Disperibn, 541 
anomalous, irrational, 601 
corrected, 543, 561 
< normal, 601 * 

Dispersive power, 544, 601 
Distance, scale of, 97, 99 
of distinct vision, 570 
Distillation, 334 * 

Distribution of potential, 791 
of radiant energy, 404, 506 
*Distiirbance, motion and medium, ^22 
Divergent pencil, 511 
Divers, Cartesian, 200 
supply of air, bell, 236 


Divisibility, 115^ 

Dolloiid, achromatism, 562 
Double cup leather, 168 
-barrelled air-pump, 177 
refraction, 610 
Dove, law of storms, 226 
monsoons, 274 
siren, 469 

Draught, danger of, 340 
natural, supply of air, 377 
Dropper, water-, Kelvin’s, 362, 711 
Drmnskin and labyrinth, car, 496 
Drying p^wer of air, 346 
tubes, 346 
Ductility, 143 

Duplex systen), telegraph, 824 
Duration of imju'ession, 567, 60k8 
Dyads, chemical equivalent, 740 
Dynamics, 34 
Dynamo, 833-859 
compound-wound, 844, 845 
Faraday’s disc, 834 
Gramme, 839-842, 858 
series, shunt-wound, 842 . 
Westinghouse, 845, 855, 856 
Dyne, 32, 104 

Ear, 494 

mechanism of human, 496 
Earth connection, 790, 822 
as magnet, induction, 641 
directive couple, 625 
figure, 27, 100 
return, Steinheil, 822 
rigidity, 138 
zero potential, 704 ^ 

Ebullition or boiling, 330 
of brine, 334 
Echoes, 459 

Economical working, 371 
Economy, lack in storage battery, 746 
of steam-engine, 371, 384 
Edison and Swan lamp, 796 
Edison phonograph, 497 
Eddy currents, 767, 775 
Eel, electric, 713 
Effects of electricity, 693-699 
of heat, 261-329 
of molecular forces, 124-146 
Efficiency of machine, 80 
of motor or dynamo, 856 
Efflux, velocity of, 239 
Effusion, 

Egg on brine, 212 
Ejector or injector, 245 
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Ejector or injector, paradox and aiialojjy, 
252 

Elastic solid, 114 '* 

Elasticity, 138-142 
air, Hydrostatics, 170 
,, Sound, 457 
fatigue, limit of, 141 
of fluids, 139, 170 
E.P.S. cell, 744 
Electric arc, 802 
battery, 726 
bell, 754 
chimes, 691 
current, 715-725 
eel and yay, 712 
elfects, 693-699 
egg, ^06 
engine, 833-865 
furnace, 803 
bail, 689 
induction, 662 
machines, 677-693 
measures, C.G.S., 776 
motor, 849-865 
potential, 701 
aeries, 669 
shocks, 693 
sparks, 694 
telegraph, 818 
whirl, 679 

Electricity acts through insulators, 664 
atmospheric, 706-711 
both sorts ecpially produced, 662 
carried by matter, 741, 803, 808, 814 
chemical crtects, 697 
current of, ^15-725 
P'ranklin’s suggestion, 664 
galvanic, voltaic, 717 
measurement of, 700, 776-778 
negative, resinous, 661 
positive, vitreous, 660 
two or one ? 664 
Electrification, C5 7 - 669 
Electrified, all bodies can be, 668 
clouds, 707 

Electrochemical e(iuivalcnts, 741 
Electrode, 734 
ElfjctrogiMing, 739 
Electrolysis, laws of, 734, 739 
Electrolyte, 734 
Electromagnet, 752 
magnetising by, 634 
Electromagnetic inductioi^# 761-775, 
830, 835, 850, 860 
unit, 776, 778 


Electromagnetism, 747-760 
Electrometer, Quadrant, 704 
E.M.F., electromojive force, 718 
back, polarisation, 725 
induced, 767, 772 
standard, unit, 777 
Electrons, 813 

Electronegative, Anions, 741, 
Electrophorus, 670 
Electropl .at i n g, 738 
Electropositive, katioiis, 741 
Electroscoi)e, gold-leaf, 665 
use of, 667 
Volta’s, 715 
Electrostatic unit, 700 
Electrotypiiig, 736 
Emission theory, Newton, 505 
Energy, 36-43 
conservation of, 41, 254 
earth’s, 42 
kinetic, 36 

„ of falling star, 368 
„ of flowing water, 254 
„ and he.at, 119, 367 
„ of hydraulic ram, 251 
„ and momentum, 37 
„ of rotation, 41 
„ of translation, 41, 119, 367 
potential, 36 

radiant, 386, 404, 506, 794 
of 8.11.M waves, 444 
and temperature, 119 
transformation, 39 
Engine, air and gas, 384 
compound, 383 
electric, 833-865 
• hydraulic, water, 168, 254 
refrigerator, 275 
steam, 378-384 
E(jual temperament, 493 
Eipiality of pressures, Pascal, 160 
Equator, magnetic, 640 
not a circle, 1 00 ^ 

rainfall at, 363 
value of ^ at, ?7 
Equilibrium, floating bodies, 201 
fluids superposed, 189 
forces, 66-73 

mobile, of temperature, 407 
and motion, 73 
neutral, stable, unstable, 69 
opposition, 70 ’ 

Equivalent, water, 304 
Erecting eyepiece, 577 
Erg, 36, 55, 106 
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Error, compass, 643 
quadrantal, 644 
semicircular, 045*, 

Escape valves, 168 
Eth^r, nature of, 617 
Euler, vibrations of strings, 470 
Eustachian tube, 406 
Evaparatif^n and condensation, 319-364 
cooling by, 338-342 

,, of ethelyne, 342 
latent heat of, 335-339 
open air, 320 

total heat of, 336, 339, 381 
Evaporative power, 378 
Evaporator, feed-water, 335 
Ewing, on magnetism, 635 
on steam-engine, 370-384 
Exchanges, Prevost’s law of, 407 
Expansion, adiabatic, 326 
coefficient of, cubical, 292 
,, gases, 270 

„ - linear, 292, 294 

,, * superficial, 293 

Forth Bridge, 295 
gases, 264-276 
,, laws, 265, 270 
irregularity of liquid, 282 
liquids, 277-288 

„ absolute, relative, 278 
solids, 289-299 
Expansive working, 379 
Explosive fuse, 798 
Extension or magnitude, 115 
External resistance, 724 
Extra current, self-induction, 768, 

■ 771 ^ 

Extraordinary ray, crystal, 612 
Eye, human, 563 
not achromatic, 568 
Eyepiece, erecting, 577 
Huydiens’, 577 
Ramwicn’s, g76 

F.P.S. system, 32 ^ 

il'actors, reduction, 96-108 
Fahrenheit scale, 267 
Fall apparatus, Barrell, 45 
Morin, 58 

Falling water, 125, 241 , 249, 251 
Farad, 777 

Faraday’s disc, 833-836 
electromagnetic induction, 761 
electromagnetism, 759 
Fatigue of elasticity, 141 
Faure, polarised cell, 742 


Favre and Silbermann, calorimeter, 307 
heat in current, 797 
Feed-water evaporator, 335 
Fermat’s theore:n, 450 
Fery, radiation pyrometer, 405 
Fibres, Corti’s, 495 
quartz. Boys’, 144, 782 
Field, intensity of, 652 
magnetic, 650 
magnets, 842 
revolving, 855 
rotating magnetic, 861 
winding. 842 

Figure of the earth, 27, 100 
Filament, carbon, 796 
Filings on lodestone, 624 
reason of clusters, 632 
Filter, porosity, 134 
Fire-engine, 234 

FitzRoy, weather indications, 364 
' ' Fizeau, velocity of light, 504 
Flames, Barry’s sensitive, 499 
Kbnig’s manonietric, 499 
musical, 490 
Fleming’s rule, 721, 835 
Flexure, elasticity of, 139 
Flinders bar, 649 

Floating battery, de lii Rive’s, 751 
bodies, equilibrium of, 201 
needle, N. and S., 625 

,, * attracted by current, 749 

Flowing jet, shape of, 240 
Flue-pipes, 480 
Fluid, 115, 151 

‘compressible,’ 134, 170 
conduction in, 409 
elasticity of, 139 
‘incompressible,’ 115, 135, 170 
laws of, 160 
moving, 238-255 
]>erfect, 115, 152 
pressure, 108, 149-159 

,, due to weight, 181-196 
,, measurement of,! 151-153 
„ of moving, 242, 254, 255 
resistance to motion in, 252 
superposed, equilibrium of, 189 
Fluorescemce, 608, 812 
Flushing cistern, 229 
Fluted carbons, 803 
Flutes, 480 

Flux,, magnetic, 651, 860 
Fly-wheel,«^6 

Focal length of lens, 555, 558 
Foci, conjugate, 548, 556 
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Focus, principal, 545, 555 
sound brought to, 460 
tujie, 811 

Fogs, Aitken on, 3411 
Foot-pound, 36, 50 
Foot-ponnclal, 35 
Force, 29, 32, ‘49, 62, 104 
of adhesion, 124 
centrifugal, 26 
electromotive, 718 
exerted by contraction, 295 
lines of, 651, 653 

,, due to loop, 749 
niolecnlar, 124 
moment of, 63 
pumj), 233 

representation, straight line, 33 
terms applied to, 62 
units of, 32, 49 
of W lbs., 49 

Forces, equilibrium of, 50-73 
parallel, 64 

parallelogram of, 33, 61 
triangde of, 62 

Fonuation of secondary cell, 743 
Forth Bridge, caissons, 236 
I cfxpansion, 295 
Fortin l)aroineter, 217 
Foster, Oarey, low resistance, 794 
l^hysiohujij^ accommodatioi^ 568 
Foucault, e(ldy currents, 767 
gyroscope, 76 
pendulum, 78 
undulatory theory, 531 
velocity of light, 504 
Fourier ami ^>eprctz, conductivity, 413 
theorem, periodic motion, 432 
Fourneyron turbine, outward, 248 
Francis turbine, inward, 248 
Franklin, absorption experiment, 401 
atmosiiheric electricity, 706 
electrical theory, 664 
electric chimes, 691 
gold-leaf volatilised, 697 
Fraunhofer’s^lines, 598-600 
Free surface of liquid, 186 
reed, 486 

path ill ‘ vacuo,’ 120, 808 
Freezing, 309-318 
ammonia, * Linde ’ process, 342 
behaviour of water, 316 
‘ Bell Coleman' process, ^75 
mixtures, 313 
point, 314 

Frequency, alternator, 859 


Frequency, pitch, 466, 469, 470 
ratios of, 49^ 

Kayleigh, 470 

Fresnel, diffraction fringes, 589 
lighthouse lenses, 559 
mirrors and biprisin, 587 
wave theory, Light, 506 
Friction, angle and coefficient«of, 71^ 72^ 
as result, 366 
laws of, 70-73 
limiting, 72 
liquid, 238, 255 
moving, 91 
rolling, 93 

Fringes, diffraction, 589 
Frost, glaze-, hoar-, 356 
Fronde’s experiments, ships, 254 
Fuel, origin of, 365 
Fulcrum, 65 

Fundamental tone, 477, 483 
Fuse, explosive, safety, 798 
Fusion, melting, 310-314 
latent heat of, 311 

(t, value of, 47, '74 
Galileo, isochronism, 75 
musical sounds, 465 
pressure of atmosphere, 149 
telescope, 579 
vibration of strings, 470 
Gallon, 106 

Galvani, frog experiments, 715 
Galvanic electricity, 717 
Galvanometer ‘constant,’ 780 
mirror, rciflecting, 781 
simple, 722 
tangent, 779 
Gas, 115, 120, 170 
Arcbiniedes principle, 210 
compressible, elastic, 134, 139 
density of, 1 84 
diatbermancy, 392 
diffusion, 144 „ 

discharge through rarefied, 806 
expansion, 264-276. 

„ coefficient of, 270 
kinetic theory of, 119 
and liquid, 170 
mass of, 183 
mixed with vapour, 327 
perfect, 115 

permanent, 270, 326, 327 
s.g. of, 209 
specific heat of, 307 
state of, 115, 120, 309 
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Gas, vapour and, 327 
viscosity of, 131 
Gauge, air-pressure,* 157 
Bourdon, pressure, 156 
rain, 363 
siphon, 158 
vacuum, 155, 156 
^aj^’Lusstc, barometer, 215 
expansion of gas, 265 
Geissler’s tu))e, 806 
Generators, electric, modern, 844 
Gilbert, Dr., Magnetism, 641, 657 
Gimbals, 643 
Glacier, movement, 317 
Glaisher, wet and dry bulb, 352 
and Cox well, 212 
Glass pierced by spark, 696 
Glaze brook, conjugate foci, 557 
hypsometric rule, 191 
Glaze-frost, 356 
Glottis, trachea, 487 
Glow lamp, 796 
Glycerine barometer, 223 
Gold-leaf electroscoi)e, 665, 715, 814 
Goold’s conij)ound pendulum, 430 
Governor, 26 

Graham, experiments on diffusion, 145 
Gramme, a unit, 32, 102, 104 
machine, ring, 839-842, 858 
Graphic representation, electric current, 
772, 857 

, , motion, 9 

,, pipes, 483, 484 

. ,, waves, 436 

Gpphite, 137 

Grating spectrum, diffraction, 590 
Gravesande's ring, 290 
Gravitation, 44 
Gravity, 44 
centre of, 67 
property of matter, 115 
specific, 185«202-210, 213 
Greenhouses, 397 
Gregory’s telescope, 6ftl 
Gridiron pendulum, 296 
Griffiths, calculation of J, 369 
Grimaldi, interference, 586 
Grove cell, 730 
Guericke, Otto von, 181, 183 
Gulf Stream, 287 
Gun and shot, 38 
fifyninotus elekricus^ 713 
Gyroscope, Foucault, 76 


Hail, Volta on, 690 
Hammer, 52 * 
kinetic energy of, 53 
magnetised, 642 
Ruhmkorff coil, 770 
water, 131 

Hammering, magnetising hy, 634 
Hand regulator, lamp, 804 
Hard and soft iron, 629 
IDirdness, brittleness, 138 
ITarmonie curve, simple, 427 
motion, simple, 424 
Harnionicfi, upper partials, 477 
Harmonium reeds, 485 
Harmony, 492 
Pythagoras, 470 

Head, usually of water, 152, 2^, 254 
loss of, 255 
velocity due to, 238 
HcJit, absorption and rrwliation, 397*407 
amount of, 119, 260, 300 
,, current, 797 
effects of, 261-329 
by friction, 366 
and kinetic energy, 119, 367 
latent, evaporation, steam, 335-339 
„ fusion, water, 311-314 
‘mode of motion,’ 118, 366 
nature of, 365-368 
rectilinear propagation, 386 
reflection of, 389, 403 
refraction of, 390 
result of combustion, 366, 376 
sensible, 310 
sources of, 365 
specific, 302 
„ of gas, 307 

„ of water, 306, 370 

sun’s, 365 

total, of .steam, 336, 339, 380 
unit of, 301 
waste of, 377 
Heating apparatus, 288 

effect of electricity, 697, 795 
power of spectrum, 603* 609 
weakness through, 315 
Hectare, 102 
Heeling error, 646 
Heights, determination of, 332 
Helium, 816 

Helmholtz, cloud waves, 360 
duration ^f impression, 668 
the ear, 496 
larynx, 487 
notes of scale, 470 


Hail, 361 
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Helmlioltz, on Cliladni’s plates, 480 
quality of sound, 494. 
resonators, 477 
upper partials, 477, 494 
vowel sounds, 488, 498 
Herschel, fluorescence, 608 
telescope, 580 

High-pressure boilers, 334, 383 
Hoar-frost, 356 
Homogeneous medium, 440 
Hooke, laws of elasticity, 139 
on Newton's rings, 583 
Hope’s experiment, 285 • 

Horizontal surfmie, 186, 189 
Horse-power, 55, 106, 371 
of Niagara, 249 
of Kifti, 365 

Houghton on rainfall, 364 
Howard, Luke, on clouds, 357 
Huggins, dark lines, solar physics, 601 
Hughes, microphone, 828 
Human voice, quality, 478 
Humidity, air, 346 
diagram, 353 
drying tube, 346 
relative, 347 

Huygliens, cyo-piece, 577 
primary and secomlary waves, 439 
wave theory, 462, 505 
Hydraulic engines, 168, 254 
power, transmission, 167 
press, 166 
ram, 251 

Hydrogen behaves as metal, 699 
Hydrokinetics, 238 
Hydrometer, «ommon, 207 
Nicliolsoii's, 204, 207 
Hydrostatic balance, 203 

,, liquids, 207 

, , solids, 204 

bellows, 164 
paradox, 164 

Hydrostatics and pneumatics, 152 
Hygrometers, 350 
Hygromotric table, the Thne.% 349 
Hygrometry and weather, 345-364 
Hygroscopes, 354 
Hypermetropia, 569 
Ilypsometer, 332 

Hypsometric rule, Glazehrook, 191 
Hypsometry, 190, 218 
Whymper on, 21 8, 333 
Hysteresis, 343, 856 

Ice, 316, 317 


Ice-block calorimeter, 311 
yachts, 243 
Iceland spar, 610-W4 

„ wave surface in, 615 

Image, reversal of, 523 
lenses, 556, 557 
piuboie, 508 
spherical mirror, 547 
tl^^ck plane mirror, 537 
virtual, 522, 557 
Immersed bodies, 1 99 

,, resultant pressure on, 197 

Impact, 34, 142 
of drops, 362 
Impal]>al)le powder, 116 
Impenetrability, 115 
Impression, duration of, 567, 608 
Impulses, 33 
IiKiaiKlesccnt lamp, 796 
Inclination, or di]), magnetic, 638 
Inclined plane, 85 

for stability, shij>s, 202 
Jneompressible fluid, 115, 135, 170 
Index, refractive, 530 
India-rubber valve, 234 
Indicator, 382 

Induced current, 761-771, 861, 862 
E.M.F., 767-772, 852 
Lenz’s law, 763, 767, 854, 862 
lines of force, 766, 850 
polarity, 632 

Induction coil, Iluhiukorlf, 769, 772 
earth’s, 641 
electric, 662 

electromagnetic, 761-775, 830, 850, 
860 

• law of, 835 
magnetic, 629, 632 

,, measure of, 654 
magnetisation by, 633 
motor, 859, 863 
self-, 768 
Inertia, 23, 29 
motion and rc^t, 24 
property of matter, 115 
of rotation, 25 
Ingenhonsz trough, 410 
Injector or ejector, 245 
Instruments, brass wind, 488 
telegraph, 819-821 
Insulated wire, 754 
Insulators, 661, 818 
electricity acts through, 664 
Intensity of magnetic field, 662, 842 
obscure rays, Tyndall, 395 
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Intensity of wave motion, 445 

,, in he^t, 387 

,, in light, 514 

,, ill sound, 459 

Interference exjienment, Young, 586 
phenomena, 582-593 
polarised light, 615 
o9 sound, 491 
Intermittent spring, 229 
Internal resistance, cell, 724 
structure of magnet, 635 
Intervals, 469, 493 
Intonation, tempered, 493 
Inverse current, 762 
squares, 388, 445, 459, 514, 650, 
700 

,, Melloni, 388 
Ionization, 814 
Ions, 813 

Iron, hard and soft, 629 
plastic condition, 315, 318 
Irrational dispersion, 601 
Irregular reflection, 525 
Irregularity, liquid expansion, 282 
Isobars, 224 
Isochronism, 75 

J, '368-370 
Jet of water, 18, 240 
electrified, 708 
Joly's balance, 205 
Jonval turbine, downwar<ls, 248 
Joule, Dr., thermal unit, 368-370 
heat in current, 797 
unit, 36, 55, 106, 778 
Jupiter’s moons, velocity of light, 504 

Kaleidoscope, 523 
Rations, electropositive, 741 
Kelvin, Lord, compass, 646 • 

diffusion experiment, 145 
elasticity, definition, 138 
,, experiment, 142 
on melting point and pressure, 318 
quadrant electrometer, 704 
raindrops, 362 
refiectiug galvanometer, 781 
rigidity of earth, 138 
siphon recorder, 824 
sounding machine, 190 
^ ,, steel wire for, 144 
thermodynamics, second law, 37i 
water dropper, 362, 711 
Kew barometer, 219 
Kilogramme, standard, 31, 104, 110 


Kilowatt, 106, 778 
Kinematics, 4r 
Kinetic energy, 36 

,, of falling star, 868 

,, of flowing water, 254 

,, of hammer, 53 

,, and heat, 119, 367 

,, of hydraulic ram, 251 

,, and momentum, 37 

,, of rotation, 41 

,, of translation, 41, 119 

theory of gases, 119 
Kinetics, <5, 22 

Kites, U.S. Weather Bureau, 359 
Knife-edges, compass, 647 
Kdnig’s manometric flames, 499 

Labyrinth, ear, 496 
Ijactometer, 208 
Lamp, arc, 804 

-black surface, 399-404 
Brockie-Pell, 804 
Edison-Swau, 796 
glow, incandescent, 796 
Langley’s bolometer, 395 
Laplace, velocity of sound, 457 
Larynx, 486, 487 

Latent heat, evaporation, steam, 335-339 
,, ^fusion, water, 311-314 
Lavoisier-Laplace calorimeter, 312 
Law, Boyle and Mariotte, gas, 171-175 
Buys- Ballot, storms, 226 
Charles’s, expansion, 265 
Dove’s, storms, 226 
of exchanges, 407 
of expansion of gases, f^5'270 
Fennat’s, least time, 450 
Hooke’s, elasticity, 139 
of induction, 835 

of inverse squares, 388, 445, 459, 
514, 650, 700 

Lenz’s, induced current, 763, 767, 854 
Newton's, of cooling, 406 
,, of motion, first, 4 
,, ,, second, 29 

,, ,, thifd, 66 

Ohm’s, resistance, 785 
of radiation, 406 
of reflection, explained, 441 

,, heat, light, 389, 521 
of refraction, Snell, 529 
, , explained, 442 
of thermadynarnics, first, 370 

,, second, Clausius, 370 
„ ,, Kelvin, 371 
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Law, magnetic attraction and repulsion, 
626, 660 » 
electric attraction and repulsion, 700 
Dalton’s, vapours, 329 
of fluids, 160 
of friction, 70-73 
of pendulums, 74 
of stretched strings, 476 
of tliermo-electricit}^ 800 
LecTanche cell, 731 
Length, magnet, effect of, 630 
standards, units of, f>, 6, 100 
stretched strings, 471 
wave-, 428, 473, 592 
Lens, 564 
centre^ optical, 656 
Coddington’s, 574 
conjugate foci, 556 
focal lengtli, 555, 558 
images, 556, 557 
lighthouse, 559 
magnifying power, 557 
Stanhope’s, 575 
Lenz’s law, corollary, 862 

,, induced current, 763, 767, 
854 

^eslic cubes, 398 
on molecules, perfume, 116 
Level, analogy, potential, 703 

,, temperature, 260,^301 
liquids Mind their own,’ 193 
spirit, surveyor’s, 195 
water-, 194 
Levers, 65-67, 80-83 
Ley<len jar, 684-688 
Lick telescope,^ 81 
Lift pump, 232 

Light, emission, corpuscular theory, 505 
nature of, 503 
polarised, 612 

„ by reflection, 616 
rectilinear propagation, 508-513 
reflected and transmitted, 533, 604 
reflection of, 518-526 
refraction of, 527-538 
scattering of, 618, 605 
undulatory, wave theory, 462, 605, 631 
velocity of, 603, 604 
wave length, 428, 473, 592 
Lightning conductors, 709 
Limit of elasticity, 141 
Limiting friction, 71, 72 
Line wire, 818 ^ 

Linear coefficient of expansion, 292, 293 
Lines of force due to current, 747 


Lines of force due to loop, 749 

„ Gp^ime machine, 839 
„ and induced current, 766 

„ magnetic, 651, 653 

„ motor, 860, 861 

,, needle following, 651 

Fraunhofer’s, 698 
nodal, vibration of plates, 4?9 
Liquefaction, 121, 310-318 
Liquid air, 275, 326, 342, 405 
\iommunicating tubes, 191 
expansion, absolute, relative, 278 
,, irregular, 282 

ns a fluid, 115 
and gas, 115, 170-182 
manometer, 157 
mass, 183 

measures, 102, 106, 110, 171 
spherical form of, 126 
state of, 121, 309 

Liquids, compressible, elastic, 135, 139 
convection currents, 287 
diathermancy, 392 
diffusion, 145 
friction, 238, 255 
moving, 238-256 • 
phial of four, 212 
specific gravity, 206-209 
transmit power, 167-169, 264 
„ sound, 458 
U-tube, 192 
vapour of various, 324 
viscosity, 132 
volatile, 326, 340 
Litre, 102, 106, 110 
. Liverpool water-supply, 193 
Load, 844 

Local action, zinc, 733 
Lock-gates, 188 

Locomotive, ejector and injector, 246 
friction of wheels, adhesion, 73 
steam pressure, 338 
Lodestone, 623 

Lodge, wireless telegraphy, 831 

I-ongitudinal vibrations, 436, 462 

Long-sightedness, hypermetropia, 569 

Looking-glass images, 637 

Loops and nodes iu pipes, 482 

Loudness, amplitude, 466 

Low boiler, 372 

Lubb^’s point, 64S 

Lubrication, 94 

Luminous paint, 608 

Machines, 79-94 
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Machines, Atwood’s, 57 
efficiency of, perfect^t-^O 
Mackerel sky, 360'* 

Magdeburg hemispheres, 181 
Magic lantern, 571 
Magnet, armature, 636 
artificial, natural, 623 
bar, 615-637, 651 
earth as, 641 
effect of length, 630 
„ of tapping, 631 
field-, 842 

internal structure, 635 
making a, 633 
marked end, red pole, 625 
Magnetic attraction and repulsion, 626 
„ unaffected by glass, 628 

declination or variation, 638 
effect, electricity, 699, 719-723 
equator, 640 
field, 650< 847, 861 
flux, 651, 860 
iuclinatioii or dip, 638 
induction, 629, 632 
,, measured, 654 
measurement of strength, 650-654 
meridian, north, 638 
needle, 624 

„ effect of current on, 720-723 
poles, north and south, 640 
storms, 641 
substances, 627 

Magnetisation, by discharge, 699 
by electromagnet, 634 
by hammering, 634 
magnet, throughout, 634 
masts, shafts, etc., 642 
results, Ewing, 630 
by rubbing, steel, 633 
time required, 629 
Magnqtism, permanent, 643 
Haturation;£i635 
ship’s, 643 
subpermanenl, 645 
Weber’s theories of, 635 
Magneto machine, 836 
Magnification, 548, 576, 579 
Magnifying power of lens, 557 
Magnitude, extension, 115 
Malleability, 143 
Malleable cast-iron, 143 
Malus, reflection polarises, 616 
Manometer, 155 
liquid, mercury, 157 
Manometric ffarae, Kdnig, 499 


Marconi, wireless telegraphy, 881 
Marino barometer, 218 
Mariner’s compass, 642 
Mariotte’s law, tube, 171-175 
Mass and inertia, 23, 29, 102, 115 
centre of, 68 

gas, liquid, 183 
standards, units, 30, 31, 102 
and weight, 48, 104, 185, 211 
Masson’s experiment, 187 
Matter, properties of, 113, 115 
structure of, 113-123 
three Abates of, 114, 309 
Maximum density of water, 102, 283 
Max. and min. thermometer, 280 
Maxwell Clerk-Maxwell) 
Measurement, atrnosplieric electricity, 
710 

electrical, C.G.S., 776-794 
electricity, 700 
fluid pressure, 152 
liquids, 102, 106, 171 
magnetic induction, 654 
,, strength, 650 

resistance, electricity, 786 
S.G. by, 203, 207 
Mechanical advantage, 80 
equivalent, J, 368-370 
Mechanism of human voice, 487 
,, ear, 496 

Medium, homogeneous, 440 
necessary to transmission, 422 
optical, 506 

transmitting sound, 423, 456 

„ heat, light, 385, 423, 617 
Melloni cubes, 398 ® 

diathermancy, 391, 392 
inverse squares, 388 
Melting, fusion, 310-314 
point and freezing, 31 4 
,, pressure changes, 316 
volume near, 815, 318 
Mercurial barometer, 214-220, 223 
pendulum, 297 
tliermometer, 279 
Mercury manometer, 157 
rain, 182 
ripples, 446 
standard resistance, 777 
Metaceutre, 202 

Metal, hydrogen behaves as, 699 
organ pipe, 481 
refiectoft^, best, 524 
thermometer, 298 
Meteorological Bureau, U.S., 859 
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Meteorology, 845-364 
Metre, standard, 6, 100'" 

Metric system, 100 
Microfarad, 777 
Microphone, 828 
Microscope, 574 
Mill, Barker’s, 246 
Mine ventilation, 274 
Minimum deviation, 539, 550 
thermometer, 280 
Mirage, 535 
Mirror, Fresnel’s, 587 
galvanometer, 781 
spherical, 545-549 
rotated, 525 
single plane, 522 
images in thick, 537 
two or more, 523 

Mixture, vapours and gases, 327-329 
Mobile ecpiilibrium of temperature, 407 
perfect tluids arc, 115, 152 
Mode of motion, Heat, 118, 366 
Moissan, diamonds, 318 
Molecular forces, 124-146 
movement, 118-123 
theories of magnetism, 635 
Molecules and atoms, 117 
velocity of, 119 
Moment of couple, force, 63 
Momentum, 23 
angular, permanent, 25 
and kinetic energy compared, 37 
lost, and pressure of gas, 119 
Monge explains mirage, 535 
Moiiochord, 475 
Monsoons, 2r4 

Montgollier, hydraulic ram, 251 
Morin, fall apparatus, 58 
friction, 72 

Morse alphabet, instruments, 819-821 
Motion of point, body, 5, 20 
circular, 18 

disturbance, medium, 422 
equilibrium and, 73 
inertia of bodies in, 24 
periodic, 423 
rate or speed ofi 5, 98 
relative, 5 

resistance to, fluid, 262 
steady, 74 
uniform, 7, 9, 23 
wave, 421-432 
„ energy of, 444 
Motor, direct current, 840 
Faraday’s disc as, 836 


Motor induction, 859, 863 
polyifliase, 8i9 
series, 852 

single phase series, 864 
shunt, 851 

Mousson, melting point, 316 
Movable and fixed current, 760 ^ 

Movement, molecular, 11 8-1 ft, 366 
Mo^ng friction, 91 
fluids, 238-255 

„ pressure of, 242, 254, 255 
„ work done by, 243-252 
Multiple telegraphy, 824 
Mural circle, 520 
Musical llames, 490 
sounds, 461-474 

Mutual attractions, 58, 62, 626, 757 
Myopy, short-sightedness, 569 

N. pole of magnet, 625 
Nail ill mid-air, 632 
Narrow aperture, obstacle, 590 
Natural draught, 377 
magnets, 623 . 
objects, colour in, 604 
Naval telescopes, 578 
Needle deHected by current, 720-723 
dipping, 639 
floating, N. and 8., 625 
„ and current, 748 
following lines of force, 651 
magnetic, 624 

„ broken, 634 
magnetised by discliarge, 699 
Negative electricity, re.siuous, 661 
. pole, on zinc, 718, 719 
terminal, zero, potential, 789 
Negretti and Zambra, barometer, 219 
bypsoTiieter, 332 
siinsbiiie recorder, 390 
Neutral equilibrium, 69 
Newton, achromatism, 5ii4, 562 
cooling, law of, 406 
disc, 606 

emission, corjuisciilar theory, 605 , 
laws of motion, 4, 29, 56 
prism experiment, 542, 594 
rainbow, 550 
reflection explained, 521 
refraction „ 530 

i^igs, 583 

scale of temperature, 267 
telescope, 579 
velocity of sound, 457 
vibrations ofi strings, 470 
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Newton, wave theory of light, 462 
Niagara Falls Power C(;j[ipaiiy, 249 
Nicholson’s hydroiwt.ter, 204, 207 
Nickel, magnetic, 627 
Nicol’s prism, 612 
Nobili’s thermopile, 262, 797 
Nodal lines, 479 

, Notffes anti loops in pipes, 482, 483, 484 
and ventral segments, 476 

„ in pipes, 482 

Noises and musical sounds, 464 
Non-conducting materials, 414 
Non-conductors or insulators, 661 
Non-return valve, 234 
Normal to a surface, 620 
spectrum, 592, 601 
Norman, dip, or inclination, 638 
Normandy, condensers, 335 
North, magnetic, 638 

„ pole, 640 

-seeking pole, 625 
Notes of scale, Helmholtz, 470 

Oar in water, 82, 252 
Obscure rays, 385-401, 603 
Obstacle, narrow, 690 
Octave, 469, 477, 493 
Oerste<lt's experiment, Electricity, 719 
piezometer, 135 
Ohm, law, 785 
standard, 777 
Opacity, opaque, 506 
Open circuit, 718 
pipes, 482, 483 
Optic ‘axis, crystal, 610 
Optical centre, lens, 555 
medium, 506 
Orbit, 74 

Ordinary nay, cry'stal, 612 
Organ pipes, 480-484 
Oscillatiori, 74, 423 
Osmose, l45 ^ 

Otto von Guericke, 181, 183 

Pairs, thermo-electric, Soi 
Papin’s digester, 334 
Parabola, 17 
Paradox, ejector, 245 
hydraulic ram compared, 252 
hydrostatic, 164 
Parallax, barometer reading, 222 
Parallel, cells in, 727 
forces, 64 
pencil, 611 

surfaces, refradtiou at^86 


Parallelogram of accelerations, 16 
of forces, 33^ 61 
of velocities, 14 
Paramagnetic, 628 
Partials, upper, Helmholtz, 477, 494 
,, pipes, 483 

Pascal, pressure and depth, 151 
vases, 187 

Pencil of rays, 450, 510 
Pendulum, 40 
compensated, 296 
compound, 429, 430 
conical, w 5, 424 
curve tracetl by, 426 
laws of, 74 
mercurial, 297 
simple, 40, 423 
Penumbra, 512 

Perfect fluid, liquid, gas, 115, 139, 
152 

machine, 80 

Perfectly elastic, rigid solid, 114 
Period of S.H.M., 425 
Periodic motion, 423 
Permanence of angular momentum, 25 
of axis of rotation, 25, 77- 
of linear momentum, 23 
Permanent gas, 270, 326, 327 
magnetism, 643 
J^eroxide of lead, 742 
Phase, 857 
ofS.H.M., 425 
single, motor, 864 
Phial of four liquids, 212 
Plionograph, 497 
Phosphorescence, 608 
Photographic camera, 573 
Photometer, 515, 617 
Piano wire, resonancei 472 

„ sympathetic vibration, 478 

„ Thomson sounder, 1 44, 1 90 

Piezometer, 135 
Pigments not true colours, 606 
Pile driver, 51 
Pinhole camera, 572 
image, 508 
sun’s image, 509 
Pipes, organ, flue-pipes, 480 

,, nodes, etc., 482-484 

,, ojicn, stopped, 481 

,, reed pipes, 486 

,, timfe* of vibration, 471 

Pipette, 230» 

Pitch, behaviour of, 132 
and loudness, 465 
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Pitch iiimibcr, frequency, 470 
and rapidity of vibratjpn, 469 
Pixii, magneto machine, 836 
Plane waves, 441 
Plant<S formation of cell, 743 
JMasticity, 143 

Plate electrical machine, 677 
Plates, surface, 136 
vibrations of, 479 
Platinum thermometer, 290, 794 
Plumb line, 60 
Pneumatic syringe, 170 
tools, 169 ^ 

PoggendorlF, bichromate cell, 728 
Points of the com])aKH, 642 
Polarisation of cell, 725 
premited, 728-732 
Pol ari scope, 615 
Polarised cell, 742 
light, 612 

„ by reflection. Mains, 616 
Polarily, 624 
induced, 632 
I\)ks 624 
of mirror, 545 
N. or ‘iparked,’ 625 
north magnetic, 640 
„ -seeking, 625 
red and blue, 625 
strength of, 650 
terminal or, 718 
‘true south,’ Kelvin, 625 
unit, 650 

weakened by approach, 627 
Poles, number of, motor, 846, 860, 864 
Polyphase \^rkiug, 857 
motor, 859 
Porosity, 132-134 
Porous pot, 728-732 
Position, equilibrium of, 70 
positive electricity, vitreous, 660 
pole or terminal, 718 
Post Oflice resistance box, 793 
Potential, electric, 700-705 

,, of air, 710 

,, and level, 703 

, , and temperature, 

260, 301 

,, of conductor, 703 

,, distribution of, 791 

,, earth, zero, 704 

energy, 36 

Pouillet, heat from sun, 

Pound, British, 31, 104 
weight of one, 48, 49 


Poundal, 32 
Pounds, force of W, 49 
Power, 55, lofj 7^7 
actinic, 603 * 

dispersive, 544 
evaporative, 378 
necessary for speed, 254 
reflecting, heat, 403 
tmnsmission of, by air, 169 
^ ,, by water, 167 

unit of, 55, 110, 777 
Practical comparisons, 110 
Preece, wireless telegraphy, 830 
Presbyopia, 570 
Press, Bramah hydraulic, 166 
Pressure, 63 

of atmosi>herc, 149, 155 

,, exhibition of, 180 

,, utilised, 227 

boiling ])oint, 331-334, 339 
,, at high, 333 
centre of, 1 98 
and depth, 151, 187, 188 
o<|uality of fluid, Pascal, 160 
fluid, 108, 149-159 
on a fluid, 1 63 
gauge, 155 
,, air, 157 
,, Bourdon, 156 
instrument, 1 53 
measurement of, 152, 153 
and melting point, 316 
of gas, momentum lost, 119 
moving fluids, 242, 254, 255 
at a point, 152 
resultant, 197 
•on a solid, 163 
standard atmosphere, 158 
steam, 322, 333, 339 
transmissibility of, 163 
unbalanced, 246 
upward, 162 
vapour, 321-329 
vapour ill air, 347 
variations in Itinospheric, 223 
weight of fluid, 185 
Preston, on Newton’s experiment, 542 
wave theory, 505 
Prevost’s law of exchanges, 407 
Primary and secondary bow, 662 

, , circuit, current, 

762, 772 
,, waves, 439 

Principal axis and focus, mirror, 545 
„ lens, 555 
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Principle of Archimedes, 198-213 
of sextant, 525 
of work, 80, 167 ^ 

Prism, achromatic System, 562 
angle of, 539 

colours, 512, 552, 594-603 
Newton’s cx})eriment, 542, 594 

N^ol’Sj., 612 
refraction through, 539 
total reflection, 538 
Propagation, velocity of, 431 

,, light, 504 

,, sound, 457 

Properties of matter, 113, 115 
Propulsion of ships, 253 
Pulleys, 88 
differential, 85 
Pulsion teleplioiie, 458 
Pumps, 227-237 
air, 175-180 
„ compressing, 236 
centrifugal, 250, 255 
common, 231 
force, 233 
lift, 232 
Purchase, 91 
Pure spectrum, 592, 594 
Push, bell, 756 

Puy de Dome experiment, 151 
Pyro-electricity, 712 
PjTometer, 299, 744 
radiation, Fery, 405 
Pythagoras, harmony, 470 

Quadrant electrometer, 704 
Quadranial error, 644 
Quality of tone, ear detects, 494 
of human voice, 478 
Quantity, unit, (dectricity, 777 
,, heat, 301 

Quartz fibres. Professor Veruoii Boys, 
144, ?t2 

Quintary bow, fi52 

Radiant energy, 385, ^4, 506, 794 
matter, Crookes’, 808 
Radiation and absor])tioii, 397, 402 
cooling by, 406 
dififerent surfaces affect, 398 
independent of colour, 400 
intensity of, 387 
* lamp-black surface, 399-400 
pyrometer, 405 
Radio-activity, 812 
Radiometer, Crookes", 118 


Radium, 812 
Haia tvrj)cdo^ i713 
Rain, 361 
bow', 549-553 
drops, 362, 708 
fall, gauge, 363 
mercury, 182 
Ram, hydraulic, 251 
Ramsay, vapour i>ressure, 322 
Ramsden eyepiece, 577 
Rarefaction, waves of, 435, 462 
Rarefied gas, discharge through, 806 
Rate of ni 4 >tion, speed, 5, 98 
of diffusion, effusion, 145 
of cooling, 406 
of vibration, 466, 469 
Ratios of frequency, 493 
liayleigh, Lord, frequency, 470 
moving water, 243 
raii)<lroj)s, 362 
sound, 419, 458, 470, 479 
Ravs, actinic power, 603 
kathode, 809, 813, 815 
obscure, 385-401, 602 
pencil of, 450, 510, 511 
ultra red and violet, 602 
X., 609, 809, 815 
Reaction, 56 
armature, 848 

‘ Receiver, Graham Bell, 827 
Receiving instrument, 819 
Rticorder, sijdion, 824 
sunshine, 390 
tem])erature, 298 
Rectangle, current round, 722 
Rectilinear proj)agation, l^t, 386 

„ light, 508-513 

„ rays, 450 

„ sound, 462 

„ of waveeflects, 

447 

Reed, free and striking, 486 
harmonium, 485 
pipes, 485 

Refinement of copper, electric, 737 
Reflected and transmitted light, 604 
light polarised, 616 
Reflecting galvanometer, 781 
power, heat, 403 

Reflection, general laws, 441, 443 
of heat, 389, 403 
of light, 518-526* 

„ f^ways incomplete, 524 
irregular, 525 
total, 583 
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Reflection, total, prism, 538 
at spherical surfaces, i45-549 
of sound, 459 
Reflectors, metal best, 524 
Refraction, general laws, 442 
of heat, 390 
of light, 527-538 
in air, 531 
astronomical 532 
•double, 610 
through prism, 539 
Snell’s law of sines, 529 
theory of, 530, 531 ■ , 

at spherical surfa(!es, 549 
of sound, 461 
Refractive index, 530 
Refrigerator engines, 275, 342 
Regelation, 317 
Regnault’s hygrometer, 351 
latent heat, 338 

vapour pressure diagram, 323, 339 
Reis’s telephone, 827 
Relative density, 184, 213 
expansion, liquid, 278 
humidity, 347 
motion,, 5 
Relay, 826 

Rei)reseiitation of force, straight line, 
33 

Repulsion, attraction, 62 

,, of currents, 757 

,, electric, 661, 700 

, , magnetic, 626 

of magnets is real, 627 
Resinous, negative electricity, 661 
Resistance, 4|], 63, 71 
of air, 151 
balancing, 793 
box, 786, 793 
coils, 777, 787 
electric, 723, 776 
internal, external, 724 
measurement of, 786 
mereiiry standard, 777 
to motion, fluid, 252, 255 
Ohm’s law, 785 
specific, 794 
unit, RA., 777 

Resolution of complex motions, 432 
of velocities, 15 
Resonance of buildings, 474 
piano wire, 472 
tall receiver, 473 
tuning-fork, 471 
Resonator, 472 


Resonator, Helmholtz’s, 477 
Rest, 6 ^ 

absolute, 5 ' 
bodies at, inertia, 24 
velocity acquired from, 11 
Resultant pressure, 197 
Retina, blind spot, 564 

duration of impression, 56^ - ^ 

,, complement- 

ary colours, 608 
•Rheostat, 788 
Rigidity, 138 
Ring, collecting, 839, 854 
Gramme, 839-842, 854 
of metals, conduction, 411 
Rings, Newton’s, 583 
Ripples and waves, 446 
Rod, vibrations of, 426 
Roguet’s vibrating spiral, 758 
Rolling friction, 93 
Roman steelyard, 67 
Rcimer, velocity of light, 504 
Rontgen rays, 609, 808, 815 
Hosse, telescope, 581 
Rotary converter; 864 
Rotating magnetic field, 861 
Rotation, inertia of, 25 
kinetic energy of, 41 
permanence of axis, 77 
Rowland, calculation of J, 370 
dittfaction grating, 590 
Roy and Ramsden, ex])ansion, 293 
Rubbing, magnetisation, 633 
Rnhmkorfl’, induction coil, 769 772 
Rule, AnjpcTc’s, 720 
Fleming’s, 721, 8^9 
Rumford’s photometer, 515 
Runner and tackle, 89, 90 

Hafe working load, 142 
Safety fuse, 798 
valve, 156 
Sahara, 363 
Sails, wind on. 243 
Saturated vapotr, 324, 325, 354 
with magnetism, 635 
Savart, falling water, 125, 241 
Seale, absolute, 269 
diagonal, 96 
notes of, 470 
temperature, 267 
Stattering of light, 518, 605 
Schuster, calculation of J, 369 
Screw, 86 
steamer’s, 88 
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Screw-shafts magnetised, 642 
Sea, waves in, 422 
Seathwaite, rainfall,^3o5 
Secondary batteries, 742-746 
bow, 552 

circuit, current, 762-767, 772 
waves, 439 

Secoiids iifiiidulum, 75 
Secular changes, variation and dip^640 
Seebeck, siren, 467 
thermo-electricity, 798 
Segments, commutator, 841, 845 
ventral, 476, 482, 484 
Self-induction, 768 
Semicircular error, 645 
Sensations of heat and cold, 259 
Sensible heat, 310 
Sensitive flames, 498, 499 
Separator, cream, 28 
Series, cells in, 726 
electrical, 669 
,motor, 852 

single phase motor, 864 
Serpollet boiler, 334 
Sextant, principle of, 525 
Shadows, edge of, 589 
penumbra, 512 
sound, 463 

small wave length, 450, 463, 588 
Shafts, screw, magnetised, 642 
stripping, 137 
Shear, 63 
Shearing stress, 63 
Ship’s boilers, 371-376 
magnetism, 643 
propulsion, 253 
stability, 201 

S.H.Mi, composition of, 428 
energy of, 444 
period, phase of, 425 
wave length, 428 
Shocks, dfcjctric, 685, 693, 706 
Short circuit, 7^4 
-sighted ness, 569 
wave length, 450, 4^, 588 
Shortest path, Fermat, 451 
Shot towers, 126 
Shunt dynamo, 843 
motor, 861 
Siberian Oval, 638 
Silbermann calorimeter, 307 
^ent discharge, 676, 710 
Silicated carbon filter, 134 
Simple air-pump, 175 
gdvwometer, 722 


Simple harmonic curve, 427 
,, • motion, 424 

microscope, 574 
pendulum, 40, 423 
Single whip, 89 
Siphon, 227 
barometer, 214 
gauge, 158 
reconler, 824 
Siren, 467-469 
Sixe’s thermometer, 280 
Smeaton’s air-pump, 176 
Snell’s la^fcof refraction, 529 
Snow, 318, 361, 525 
So<Uutn, spectrum of, 597 
Soft iron, 629 

Solar physics, Lockyer, 601 
Solenoid, 750 
Solid, 114, 123, 309 
Solid! li cation, 122, 316 
Solids, conduction in, 410 
diathermancy, 391, 609 
elastic, rigid, 114 
elasticity of, 139 
specific gravity of, 203-206 
standard substance, 185, 203 
viscosity of, 141 
Sound, elasticity of air, 457 
brought to focus, 460 
intensity of, 459 
interference of, 491 
medium, transmitting, 423, 456 
musical, 464-474 
reflection of, 459 
refraction of, 461 
shadows, 450, 463, 5S8m 
transmission, 456 

transmitted by solid and liquid, 458 
velocity of, 457, 473, 484 
vowel, 488, 495, 498 
waves, length of, 473, 481-483 
Sounder, Morse, 819 
Sounding board, 473, 476 
machine, Thomson, 144, 190 
Sources of heat, 365 
South pole, * true,’ 626 
,, magnetic, 640 
Space described, Motion, 9, 10 
Spanish Burton, 90 
Spark, electric, 694 
glass pierced by, 694 
Sparking, carbon brushes prevent, 849, 
854 

condenser prevents, 770 
Specific conductivity, electric, 794 
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Specific density, 184 
gravity, 185, 202-21Q| 213 
,, balls, Wilson, 209 
„ bottle, 206, 208 
,, gases, 209 
,, hydrometers, 204, 207 
, , hydrostatic balance, 203, 207 
,, by measurement, 203, 207 
, , standard substance, 203, 210 
•lieat, 302 

,, and conduction, 412 
,, of gas, 307 
,, of water, 306, 
resistance, 794 
volume, 108, 185 
,, of water vapour, 339 
Specti^ of substances, 597-600 
Spectroscope, direct vision, 596 
table, 595 

Spectrum, continuous, 597 
diffraction, 592, 598 
dispersion and the, 541 
heating power, 603, 609 
normal, 592, 601 
number of lines, 598, 599 
pure, 592, 594 
sodium, 597 
thermopile in, 602 
Speed, power necessary for, 254 
or rate of motion, 5, 98 
scale of, 99 

Spherical aberration, 547, 560 
form of liquid, 126 
mirror, 545-549 
,, image in, 547 
surface, rrtection, 545-549 
,, refraction, 549 
waves, 440, 443-445 
,, intensity of, 445 

,, reflection and refraction, 443 

Spheroidal state, 344 
Spirit level, 195 
thermometer, 279, 282, 283 
Spongy iron, 113 
lead, 743 

Sprengel’s air-pump, 179 
Spring, intermittent, 229 
Sprinkler, lawn, 247 

Stability of ships, 201, 202 | 

Stable equilibrium, 69 
Stnndard barometer, 217 
candle, 516 ^ 

capacity, electrical, 777 ^ 
coils, resistance, 777, 786 
current, 776 


Standard E.M.F., 777 
kilogramme^l, 104 
length, 5, loO ^ 
mass, 30, 102 
mercury resistance, 777 
metre, 6, 100 
Olirn, 777 
pressure, 168 

quantity of electricity, 777 
resistance, 776 
specific gravit3% 203, 210 
time, 6 

Stanhope’s lens, 675 
States of matter, 114, 309 
change of, 309-329 
gas, liquid, 114, 120, 309 
Statics, 34, 60 
Steady motion, 74 
Steam calorimeter, 337 
engine, 378-384 
„ Ewing on, 370-384 
latent heat of, 335-339 
total heat of, 336, 339, 380 
turbines, 384 
Steel bar magnetised, 633 

wire, Thomson’s sounder, 144, 190 
Steelyard, common and Danish, 67 
Stephan-Boltzmanii, radiation law, 405 
Stereoscope, 566 

Stokes, IVofessor, fluorescence, 609 
Fraunhofer's lines, 600 
wave motion, 440 
Stopped pipe, 481 

„ nodes in, 482 
Storms, laws of, 226 
magnetic, 641 
• thunder, 707 

Strachey, amount of vapour in air, 355 
Straight line represents force, 33 
Strain, 62 

in air, electric, 696 
Stratus, Clayton, 360 
Wilson Barker, 359 
Strength, cohesion, 137 
of pole, 650 

tensile, 124, 137, 295, 315 
Stress, 62 

compressive and shearing, 62, 68 
tensile, 62, 140 
Stretched strings, laws of, 476 

„ length of, 471 , 

„ vibration of, 470, 476-4711 
Striking reed, 486 
Stripping of shafting, 137 
Structure of matter, 113-128 
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Structure, cohesion and, 137 
internal, of magnet, ^5 
Submarine telegranl^ 823 

„ Kelvin, 781, 824 

Subpermanent magnetism, 643 
Sucker, boy’s, 227 
Sun, heat from, 365 
h^se-jpwer of, 365 
image through pinhole, 509 
•shine recorder, 390 
Superficial coefl’. of expansion, 293 
Superposed fluids, 189 
Surface, absorption at, heat, 400 
common, horizontal, 189 
free, horizontal, 186 
-plates adhere, 136, 137 
radiation from, heat, 398 
tension, 125 

wetted and unwetted, 130 
Swan and Edison lamp, 796 
Swings, 74, 423 

Sympathetic vibration, 478, 491, 495, 
600 

Sympiezoiueter, 216 
Syringe, 230 
pneumatic, 170 

Tabl.e-apectrosco|)e, 595 
wliirling, 27, 28, 367 
Tackle, runner and, 89, 90 
Tangent galvanometer, 779 
Tantalus cup, 228 
Tapping, effect on magnet, 631 
Tate’s .air-pump, 178 
Telegraph circuit, 821 
Kelvin, 781, 824 
Lesage, Sommering, 817 
Morse, Wheatstone, and Cooke, 818 
submarine, 823 
Telegraphy, <luplex, 824 
wireless, 830 
Telephoil^, ‘Bell,’ 827. 

exchange, 82% ^ 

Telephony, wireless, 832 
Telescope, astronomic^, 575 
Cassegrain, Gregory, Kosse, 581 
dalileo, naval, Newton, 578 
Herschel, 580 
Lick, Yerkes, 581 
Temperament, equal, 493 
Tegaperature, 260 

analogy with level and poteutlil, 
260, 301, 703 
barometer reading, 222 
critical, 326, 631 


Temperature, effect of, magnetic, 631 
energy and,f 1 1 9 
high, 299, 405, 794 
mobile equilibrium of, 407 
scales of, 267 
Temicity, 138 
and ductility, 143 

Tensile strength, 124, 137, 295, 315 
stress, 62, 140 
Tension, 63 

high, electricity, 774, 775, 865 

of vapour, 349 

smfac 

Terminal, bimling screw, 71 6 
positive and negative, 718, 789 
'Aieorem, ?\)iirier, periodic motion, 432 
Torricelli, velocity of efflux, 239 
Theory, corpuscular, emission, 505 
kinetic, of gases, 119 
molecular, of magnetism, Weber’s, 
635 

of refraction, Newton, 530 
wave, nmlulatory, liglit, 462, 505, 
C>31 

Therjiial conductivity, 408-415 
unit, 301 , 

Thermo-dynamics, laws, 370, 371 
Thermo-electric battery, 801 
laws, 800 
pairs, 801 
Thermometer, 261 

air, absolute, 266, 267 
Callendar’s, 299, 794 
clinical, 282 
construction of, 279 
<Iifferential air, 270 
maximum and minimum, 280 
metallic, 298 
spirit, 279, 282, 283 
wet and dry bulb, 351 
Thermopile, 262, 801 
Thin plates, colours, 682 
Thomson (Lord Kelvin), see Kelvin 
compass, 646 

quadrant electrometer, 704 
reflecting galvanometer, 781 
siphon recorder, 824 
sounding machine, 190 
Tliomsoii, J., welding, 318 
J. J., radio-activity, 812-816 
Three states of matter, 114, 309 
Timnder, big drops after, 708 
cloud, 35\ 
storms, 707 

Time, standard, unit, 6 
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Time-lag, magnetism, 631 
taken to magnetise, 1^9 
of vil>ration, pipes, 471 
Tillies glycerine barometer, 223 
hygrometric table, 349 
Tone, fundamental, 477, 483 
cpiality of, 478, 494 
upper partial, 47^, 494 
To})ler- Hagen air-pump, 180 
Torpedo^ Jiaia, 713 
Torricelli, pressure of atmosphere, 1 49 
velocity of efflux, 239 
I'crsion balance, Couloml^^^O, 700 
elasticity of, 139 
Total deviation, 541, 550 
heat of evaporation, 336, 339, 38d* 
reHfetion, 533 

,, prism, 538 
Tourmaline, 617, 712 
Towers, sljot, 126 
Trachea, 487 
Trade winds, 272 
Train of wheels, 84 
Trajectory, 17 

l'raii.sformation of energy, 39 
Transfori]^ ors, 771-775 
Translation, kinetic energy of, 41, 119, 
367 

Transluccncy, 506 
Transmissillility of pressure, 1 63 
Transmission of power, air, 169 

,, water, 167, 254 

Tiansmitted and reflected light, 604 
Transmitter, micropheme, 828 
IVansparency, 506 

I'ranspareii^ bodies, Heat, 391, 397, 
609 

Transverse vibrations, 434, 613 
Triads, chemicnl ecpiivaleiit, 740 
Triangle offerees, 62 
‘True South Pole,’ 625 
Tube, Boyle’s or Marriotte’s, 171-175 . 
Geissler’s, 806 
vacuum, Crookes’, 808 
Tuning-fork, pitch and loudness, 465 
resonance, 471 
Turbines, 248 
steam, 384 
Turbo-blower, 251 
Tyndall, absorption, 401 
acoustic 'douds, 461 
conduction and specific heat, 412 
cumulus, 357 
heat by friction, 366 

„ ‘a mode of motion,’ 366 


Tyndall, obscure rays, 386 

„ „ intensity of, 395 

Sensitive flf^Sie.*^ 498 
vapour screen, 394 
waves of compression, 462 

U-tiibe, different liquids in, 192 
Ultra red and violet rays, 6Qi^ 
Unbalanced pressure, 246 
Unaulatory theory, light, 462, 605, 
a 531 

Uiiiaxal crystal, 616 
Uniform acc^eleratiou, 8 
motion, 9, 23 
velocity, 7 

Unit, Board of Trade, electrical, 778 
B.A., of resistance, 777 
current, 776 

electroinagnetic, 776-778 

E.Al.F., 777 

electrostatic, 700 

force, 32, 49 

heat, 301 

length, 6 

pole, 650 

power, 55, 110, 777 
'qnantity, electricity, 777 
resistance, 776 
thermal, 301 
time, 6 
work, 35, 778 
Unstable equilibriunj, 69 
Uiiwetted surfaces, 130 
Upper partials, 477, 483, 494 
Upward pressure, 162 

Vacuum, 155 

free path in, 120, 808 
gauge, 155, 166 
jacket, 405 
tube, Crookes’, 808 
Valves, various, 234 
air, 193 
escape, 168 
safety, 156 
Vapour and gas, 327 
laws of, Dalton, 321, 329 
saturated, 324, 825, 354 
tension of, 349 
various liquids, 324 
water, a<liathennancy, 393 
„ in air, 346, 347, 366 
„ Kegnault, 323, 889 
screen of atmosphere, 394 
Variable velocity, 7 
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Variation of atinosplieric pressure, 223 
of compass, 638 

„ clianws oli 640 
Vases; 'Pascal’s, 18/ 

Velocity, 6 
due to head, 238 
of light, 503, 504 
ofdtuol^^cules, 119 
parallelogram of, 14 
resolution of, 15 
of sound, 457, 473, 484 
uniform, variable, 7 
wave motion, 434 
Vena contracta, 240 
Ventilation of mine, 274 
Ventral segments, 476, 482, 484 
Vernier, 220 
Vertical line, 59 
Vibration, amplitude of, 445 
demagnetising effect, 629, 631, 637 
of plates, 479 

rate of, frequency, 466, 469, 470 
of rod, 426 

of stretched strings, 470, 475-477 
sympathetic, 478, 491, 495, 600 
time of, pipe, 471 
transverse, 434, 613 
Vibrators, liarmoiiium, 485 
Vidi’s aneroid, 221 
Vincent, photograph of ripples, 446 
Violet, ultra, 602 
Violin belly, resonhtor, 472 
Virtual image, 522, 557 
Viscosity, 130 
of gas, 131 
of liquids, 132 
of solids, 141 
Vision, binocular, 565 
defects of, 568 
distinct, least distance, 570 
Vitreous, positive electricity, 660 
Vocal coiO, 487 
Voice, human, Quality of, 478 
Volatile liquids, 325, 340 
Volatilised gold-leaf, 6^7 
Volt, 777 

Volta, cannon, 694 
electroscope, 715 
on hail, 690 
Voltaic cell, 716 
electricity, 717 
Voltmeter, 784 
Volume, 102 

change, near melting point, 315, 318 
specific, 108, 185 


Voluminometer, 174, 328 
Vowel sounds, ^88, 495, 498 

Water, anomalous behaviour of, 283, 
316 

conduction in, 409 
decomi)osition of, 698, 734 
dropper, Kelvin’s, 362, 711 
engines, 168, 254 
ecpiivalent, 304 
falling, 125, 241, 249, 251 
gramme of, considered, 102, 120, 284 
hanimerf«iL31 
head of, 152, 238, 254 
latent heat of, 311-314 
level, 191, 194 
supply, Liverpool, 193 
maximum density, 102, 283 
oar in, 82, 252 
specific heat of, 306, 370 
vapour, adiathermancy, 393 
„ amount in air, 345 
„ pressure in air, 347 
„ Kegnault, 323, 339 
„ variations in air, 35f: 
velocity of sound in, 458 , 
waves in, 431 
wheels, 249 

work done by moving, 247*252 
Watt, a unit, 55, 106, llO; 777 
Wave, colour and length, 592 
forms, compound, 430, 495 
intensity of spherical, 445 
length of, 428 

,, of light, 592 
,, of sound, 473, 4?l-483 
motion, 421-432 
,, energy of, 444 

,, explained, 421 

,, Stokes, 440 

rectilinear propagation, 447 
reflection of plane, 441, 443 
refraction of plane, 442 
small length, shadows, 449 
spherical, 440, 443-445 
surface in Iceland spar, 615 
theory. Light, 462, 505, 531 
,, explains Newton’s rings, 584 

„ ,, reflection, 441, 521 

„ ,, refraction, 442, 531 

Waves, circular, 439 
cloud-, Helmholtz, 360 
compressftm, 485, 461 

,, graphic representation, 

486 
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Waves, plane, 441 
primary and secondary, 439 
and ripjiles, 446 
in rope, 433 

velocity of propagation, 434 
Weakening of poles by aj^proach, 627, 
852 

Weakness through heating, 316 
Weather and hygrometry, 346-364 
••glaSH, 215 

indications, FitzRoy, 364 
Weber’s theory, Magnetism, 635 
Wedge, 86 
Weight, 47, 62 
fluid, 183 

„ pressure due to, 185 
ancFmass, 48, 104, 186, 211 
of one pound, 48, 49 
Welding, 318 
Wells, artesian, 194 
Westinghouse generators and motors, 
622, 845, 865, 856, 863 
Wetted and unwetted surfaces, 130 
Wheatstone bridge, 791 
telegraph, 818 
Wlieel anil axle, 83 
barometer, 216 
train of, 84 
Wliip, single, 89 
Whirl, electric, 679 
Whirling table, 27, 28, 367 
Wliymper, auerohls, 222 
oil Chimborazo, 217, 218 


Whymper, on hypsometry, 218, 333 
Wilson-Barker, clouds, 867>359 
Wilson, s.g. brflls^r bulbs, 209 
Wimshurst electrical machine, 680 
Windmills, 244 
Wind oil sails, 243 
Winding, armature, 846 
„ field, 842 
Wifeless tolegrajiby, 830 
WoAaston’s lino platinum wire, 116 
JNood organ pipes, 481 
wind, 488 

Work done, 35-43, 106 

,, by moving water, 247-252 
Work, princi])le of, 80, 1 67 
units of, 36, 778 
Worm and wheel, 88 

X-rays, 609, 809, 815 

Yard, British, 66 
Yearly movement of variation, 640 
Yerkes, telescope, 581 
Young, diffraction fringes, 589 
interference experiments, 686 
vapour pressure, 322 
wave theory, 506 

Zero, absolute, 123 

negative terminal, 718, 789 
' potential of earth, 704 
I Zinc, amalgamated, 732 


THE END 
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